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Abstract

Kernel density estimation (KDE) is a popular statistical technique for estimating the under-
lying density distribution with minimal assumptions. Although they can be shown to achieve
asymptotic estimation optimality for any input distribution, cross-validating for an optimal
parameter requires significant computation dominated by kernel summations. In this paper
we present an improvement to the dual-tree algorithm, the first practical kernel summation
algorithm for general dimension. Our extension is based on the series-expansion for the Gaus-
sian kernel used by fast Gauss transform. First, we derive two additional analytical machinery
for extending the original algorithm to utilize a hierarchical data structure, demonstrating the
first truly hierarchical fast Gauss transform. Second, we show how to integrate the series-
expansion approximation within the dual-tree approach to compute kernel summations with a
user-controllable relative error bound. We evaluate our algorithm on real-world datasets in the
context of optimal bandwidth selection in kernel density estimation. Our results demonstrate
that our new algorithm is the only one that guarantees a hard relative error bound and offers
fast performance across a wide range of bandwidths evaluated in cross validation procedures.

1 Introduction

Kernel density estimation (KDE) is the most widely used and studied nonparametric density esti-
mation method. The model is the reference dataset R itself, containing the reference points indexed
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Algorithm 1 NAIvEKDE(Q, R): A brute-force computation of KDE.
for each ¢; € Q do
G(¢i,R) «+ 0
for each r; € R do
G(¢i,R) + G(¢i, R) + Kn(llgi — 7;l)
Normalize each G(¢;, R)

by natural numbers. Assume a local kernel function Kj(+) centered upon each reference point, and
its scale parameter h (the ’bandwidth’). The common choices for K} (-) include the spherical, Gaus-
sian and Epanechnikov kernels. We are given the query dataset Q containing query points whose
densities we want to predict. The density estimate at the i-th query point ¢; € Q is:

n(a:) |m§jv (g = 1) M

where ||g; — r;|| denotes the Euclidean distance between the i-th query point ¢; and the j-th
reference point rj, D the dimensionality of the data, |R| the size of the reference dataset, and

Von = f K}y (2)dz, a normalizing constant depending on D and h. With no assumptions on the

true underlylng distribution, if » — 0 and |R|h — co and K () satisfy some mild conditions:

/mh 2)ldz — 0 (2)

as |R| — oo with probability 1. As more data are observed, the estimate converges to the true
density. In order to build our model for evaluating the densities at each ¢; € Q, we need to
find the initially unknown asymptotically optimal bandwidth h* for the given reference dataset
R. There are two main types of cross-validation methods for selecting the asymptotically optimal
bandwidth. Cross-validation methods use the reference dataset R as the query dataset Q (i.e.
Q = R). Likelihood cross-validation is derived by minimizing the Kullback-Leibler divergence

[ p(x)log o ((x)) dx, which yields the score:

CVik(h) = |R| > logpn.—i(r;) ®3)

rji€R

where the —j subscript denotes an estimate using all |R| points except the j-th reference point. The
bandwidth hgy, - that maximizes CV, K (h) is an asymptotically optimal bandwidth in likelihood
cross validation sense. Least-squares cross-validation minimizes the integrated squared error

[ (pn(x) — p(x))? dz, yielding the score:

CVis(h R Z —2p_;(r;)) (4)

rji€R

where p* ;(+) is evaluated using the convolution kernel Kj(-) * Kp(). For the Gaussian kernel
with bandwidth of h, the convolution kernel Kj(-) * Kj(+) is the Gaussian kernel with bandwidth
of 2h. Both cross validation scores require |R| density estimate based on |R| — 1 points, yielding
a brute-force computational cost scaling quadratically (that is O(|R|?)) (see Algorithm [). To
make matters worse, nonparametric methods require a large number of reference points for conver-
gence to the true underlying distribution and this has prevented many practitioners from applying
nonparametric methods for function estimation.



1.1 Efficient Computation of Gaussian Kernel Sums

—llai—rjl1?
One of the most commonly used kernel function is the Gaussian kernel, K (||¢; —7;||) = e T
although it is not the asymptotically optimal kernel. In this paper we focus on evaluating the
Gaussian sums efficiently for each ¢; € Q:

—llg;—r;112
GlanR) = D e =% — (5)
ri€R

which is proportional to p(g;) using the Gaussian kernel. This computationally expensive sum
is evaluated many times when cross-validating for an asymptotically optimal bandwidth for the
Gaussian kernel. Algorithms have been developed to approximate the Gaussian kernel sums at the
expense of reduced precision. We consider the following two error bound criteria that measure the
quality of the approximation with respect to the true value.

Definition 1.1. (Bounding the absolute error) An approzimation algorithm guarantees €
absolute error bound, if for each exact value ®(g;, R), it computes an approzimation ®(q;, R) such

that |<AI;(qZ,'R) —®(q;,R)| <e.

Definition 1.2. (Bounding the relative error) An approzimation algorithm guarantees €
relative error bound, if for each exact value ®(q;, R), it computes an approximation ®(zy,R) such
that |®(q;, R) — ®(qi, R)| < €|®(qi, R)|-

Bounding the relative error is much harder because the error bound is in terms of the initially
unknown exact quantity. Many previous methods [IT], [19] have focused on bounding the absolute
error. Nevertheless, the relative error bound criterion is preferred to the absolute error bound
criterion in statistical applications. Therefore, our experiment will evaluate the performance of the
algorithms for achieving the user-specified relative error tolerance. Our new algorithm which builds
upon [9] [6l [7] is the only one to guarantee both the absolute error and the relative error bound
criterion for all density estimates.

1.2 Previous Approaches

There are three main approaches proposed for overcoming the computational barrier in evaluating
the Gaussian kernel sums:

1. to expand the kernel sum as a power series [I1], 19 [13] using a grid or a flat-clustering.

2. to express the kernel sum as a convolution sum by using the grid of field charges created from
the dataset [18].

3. to utilize an adaptive hierarchical structure to group data points based on proximity [9, 6] [7].

Now we briefly describe the strengths and the weaknesses of these methods.

The Fast Gauss Transform (FGT). FGT [II] belongs to a family of methods called the Fast
Multipole Methods (FMM). These family of methods come with rigorous error bound on the kernel
sums. Unlike other FMM algorithms, FGT uses a grid structure (see Figure whose maximum
side length is restricted to be at most the bandwidth h used in cross-validation due to the error
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Figure 1: (a) Grid structure used in fast Gauss transform and multidimensional fast Fourier trans-
form. (b) Single-level Clustering structure used in improved fast Gauss transform.

bound criterion. FGT has not been widely used in higher dimensional statistical contexts. First,
the number of the terms in the power series expansion for the kernel sums grows exponentially
with dimensionality D; this causes computational bottleneck in evaluating the series expansion or
translating a series expansion from one center to another. Second, the grid structure is extremely
inefficient in higher dimensions since the storage cost is exponential in D and many of the boxes
will be empty.

The Improved Fast Gauss Transform (IFGT). IFGT is similar to FMM but utilizes a flat
clustering to group data points (see Figure, which is more efficient than a grid structure used
in FGT. The number of clusters k is chosen in advance. A partition of the data points into Cy, Cs,
--+, Cf is formed so that each reference point r; € R is grouped according to its proximity to the
set of representative points ci, ca, ---, ¢x. That is, 7; € Cp, (whose representative point is ¢,,) if
and only if ||r; — cm|| < ||rj —al| for 1 <1< k.

Furthermore, IFGT proposes using a different series expansion that does not require translation
of expansion centers as done in FGT. The original algorithm [I9] required tweaking of multiple
parameters which did not offer for a user to control the accuracy of the approximation. The latest
version [I3] is now fully automatic in choosing the approximation parameter for the absolute error
bound, but is still inefficient except on large bandwidth parameters. We will discuss this further in
Section [4]

Fast Fourier Transform (FFT). FFT is often quoted as the solution to the computational
problem in evaluating the Gaussian kernel sums. Gaussian kernel summation using FFT is described
in [14] and [18]. [I4] discusses the implementation of KDE only in a univariate case, while [18]
extends [I4] to handle more than one dimension. It uses a grid structure shown in Figure by
specifying the number of grid points along each dimension.

The algorithm first computes the M7 x ---x M p matrix by binning the data assigning the raw data
to neighboring grid points using one of the binning rules. This involves computing the minimum and
maximum coordinate values (g; u;, 9i,1), and the grid width §; = % for each i-th dimension.
This essentially divides each i-th dimension into M; — 1 intervals of equal length. In particular, [I§]
discusses two different types of binning rules - linear binning, which is recommended by Silverman,
and nearest-neighbor binning. [I8] states that nearest-neighbor binning rule performs poorly, so
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Figure 2: Two possible binning rules for KDE using multidimensional fast Fourier transform.
Consider a data point falling in a two-dimensional rectangle. In the entire weight is assigned
to the nearest grid point. In the weight is distributed to all neighboring grid points by linear
interpolation.

we will test the implementation using the linear binning rule, as recommended by both authors. In

addition, we compute the Ly X - - - x Lp kernel weight matrix, where L; = min Qg—hJ , M; — 1),

—0.503, 6

d
with 7 ~dand K; = [[ e »® ©, —Lp < lx < Ly, for 1 = [lh, ..., 1p]T € ZP.
k=1

To reduce the wrap-around effects of fast Fourier transform near the dataset boundary, we
appropriately zero-pad the grid count and the kernel weight matrices to two matrices of the di-
mensionality P, X - - -Pp, where P; = 21°82[Mi+Lil = The key ingredient in this method is the use
of Convolution Theorem for Fourier transforms. The structure of the computed grid count ma-

trix and the kernel weight matrix is crafted to take advantage of the fast Fourier transform. For
L L
every grid point ¢ = (91415 9djn)> Sk(9;) = i ZD ¢j—1 Ky, can be computed using
=1L Ip=—L

the Convolution Theorem for Fourier Transfornll. Aflter tgkinthhe convolution of the grid count
matrix and the kernel weight matrix, the M; X --- x Mp sub-matrix in the upper left corner of
the resultant matrix contains the kernel density estimate of the grid points. The density estimate
of each query point is then linearly interpolated using the density estimates of neighboring grid
points inside the cell it falls into. However, performing a calculation on equally-spaced grid points
introduces artifacts at the boundaries of the data. The linear interpolation of the data points by
assigning to neighboring grid points introduce further errors. Increasing the number of grid points
to use along each dimension can provide more accuracy but also require more space to store the
grid. Moreover, it is impossible to directly quantify incurred error on each estimate in terms of the
number of grid points.

Dual-tree KDE. In terms of discrete algorithmic structure, the dual-tree framework of [8] gener-
alizes all of the well-known kernel summation algorithms. These include the Barnes-Hut algorithm
[2], the Fast Multipole Method [10], Appel’s algorithm [1], and the WSPD [5]: the dual-tree method
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Figure 3: The grid count and the kernel weight matrix formed for a two-dimensional dataset. They
are formed by appropriately zero-padding for taking the boundary-effects of fast Fourier transform
based algorithms into account.

is a node-node algorithm (considers query regions rather than points), is fully recursive, can use
distribution-sensitive data structures such as kd-trees, and is bichromatic (can specialize for differ-
ing query set Q and reference set R). It was applied to the problem of kernel density estimation in
[9] using a simple variant of a centroid approximation used in [I].

This algorithm is currently the fastest Gaussian kernel summation algorithm for general di-
mensions. Unfortunately, when performing cross-validation to determine the (initially unknown)
optimal bandwidth, both sub-optimally small and large bandwidths must be evaluated. Section H
demonstrates that the dual-tree method tends to be efficient at the optimal bandwidth and at
bandwidths below the optimal bandwidth and at very large bandwidths. However, its performance
degrades for intermediately large bandwidths.

1.3 Owur Contribution

In this paper we present an improvement to the dual-tree algorithm [, [6] [7], the first practical kernel
summation algorithm for general dimension. Our extension is based on the series-expansion for the
Gaussian kernel used by fast Gauss transform [II]. First, we derive two additional analytical
machinery for extending the original algorithm to utilize a adaptive hierarchical data structure
called kd-trees [4], demonstrating the first truly hierarchical fast Gauss transform, which we call
the Dual-tree Fast Gauss Transform (DFGT). Second, we show how to integrate the series-expansion
approximation within the dual-tree approach to compute kernel summations with a user-controllable
relative error bound. We evaluate our algorithm on real-world datasets in the context of optimal
bandwidth selection in kernel density estimation. Our results demonstrate that our new algorithm
is the only one that guarantees a relative error bound and offers fast performance across a wide
range of bandwidths evaluated in cross validation procedures.



1.4 Structure of This Paper

This paper builds on [I2] where the Dual-Tree Fast Gauss Transform was presented briefly. It
adds details on the approximation mechanisms used in the algorithm and provides a more thorough
comparison with the other algorithms. In Section 2] we introduce a general computational strategy
for efficiently computing the Gaussian kernel sums. In Section Bl we describe our extensions to
the dual-tree algorithm to handle higher-order series expansion approximations. In Section 4 we
provide performance comparison with some of the existing methods for evaluating the Gaussian
kernel sums.

1.5 Notations

The general notation conventions used throughout this paper are as follows. Q denotes the set of
query points for which we want to make the density computations. R denotes the set of reference
points which are used to construct the kernel density estimation model. Query points and reference
points are indexed by natural numbers ¢,j € N and denoted ¢; and r; respectively. For any set .S,
|S| denotes the number of elements in S. For any vector v € RP and 1 < i < D, let v[i] denote the
i-th component of v.

2 Computational Technique

We first introduce a hierarchical method for for organizing the data points for computation, and
describe the generalized N-body approach |9, [6, [7] that enables the efficient computation of kernel
sums using a tree.

2.1 Spatial Trees

A spatial tree is a hierarchical data structure that allows summarization and access of the dataset
at different resolutions. The recursive nature of hierarchical data structures enables efficient com-
putations that are not possible with single-level data structures such as grids and flat clusterings.
A hierarchical data structure satisfies the following properties:

1. There is one root node representing the entire dataset.
2. Each leaf node is a terminal node.

3. Each internal node N points to two child nodes N¥ and N® such that N N N = () and
NEUNE =N,

Since a node can be viewed as a collection of points, each term will be used interchangeably with
the other. A reference node is a collection of reference points and a query node is a collection of
query points. We use a variant of kd-trees [4] to form hierarchical groupings of points based on
their locations using the recursive procedure shown in Algorithm In this procedure, the set of
points in each node N defines a bounding hyper-rectangle [N.b[1].l, N.b[1].u] x [N.b[2].l, N.b[2].u] X
-+« X [N.b[D].l, N.b|D].u] whose i-th coordinates for 1 <i < D are defined by: N.b[i].l = glzirnpx[l]

and N.b[i].u = rengrnpx[i] where N.P is the set of points owned by the node N. We also define the



Algorithm 2 BUILDKDTREE(P): Builds a mid-point kd-tree from P.

N < empty node, NP+ P, NE@, NE(
for each d € [1, D] do

N.b[d].l + min z[d], N.b[d].u <+ max x[d]
zeP zeP

if |P| is above leaf threshold then
N.sd + arg max N.b[d].u — N.b[d].l
1<d<D

N.b[N.sd]. l+N b[N.sd].u

N.sc <

Pl {ze 73|:C[N sd] < N.sc}, PR« {z € P|z[N.sd] > N.sc}

N« BuiLDKDTREE(PE), N + BUILDKDTREE(PE)
return N

geometric center of each node, which is

Nb[1).0 + N.b[1l].u N.b[2.L+ Nb2lu  Nb[D].L+ Nb[D]u

T
N.c = RD
¢ 2 ’ 2 20 2 €

The node N is split along the widest dimension of the bounding hyper-rectangle N.sd into two
equal halves at the splitting coordinate N.sc. The algorithm continues splitting until the number
of points is below the leaf threshold. Computing a bounding hyper-rectangle requires O(|P]) cost.

2.2 Generalized N-body Approach
Recall that the computational task involved in KDE is defined as: Vg; € Q, compute G(¢;, R) =

a;—r;ll?

e - thm . The general framework for computing a summation of this form is formalized
r;i€R
in [9,[6, [7]. This approach forms kd-trees for both the query and reference data and then perform a
dual-tree traversal over pairs of nodes, demonstrated in Figure[d and Algorithm[Bl This procedure is
called with @ and R as the root nodes of the query and the reference tree respectively. This allows
us to compare chunks of the query and reference data, using the bounding boxes and additional
information stored by the kd-tree to compute bounds on distances as shown in Figure @l These
distance bounds can be computed in O(D) time using:

- %f(dl“[m(d i) uwl))” (6)

k=

Ji(max{dw )’ o

k=1

o

where i} [k] = R[k] — Q[k], d;'}[k] = Q'[k] — R"[k], dj} [k] = R"[k] — Q'[K],

d;‘)jj-l [k] = Q%[k] — R'[k]. The CANSUMMARIZE function tests whether it is possible to summarize
the sum contribution of the given reference node for each query point in the given query node. If
possible, the SUMMARIZE function approximates the sum contribution of the given reference node;
we then say the given pair of the query node and the reference node has been pruned. The idea is
to prune unneeded portions of the dual-tree traversal, thereby minimizing the number of exhaustive
leaf-leaf computations.
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Figure 4: Top: A kd-tree partitions 2-dimensional points. Each node in the kd-tree records the
bounding box for the subset of the dataset it contains (highlighted in color). In dual-tree recursion,
a pair of nodes chosen from the query tree and the reference tree is considered at a time. Bottom:
the lower and upper bound on pairwise distances between the points contained in each of the
query/reference node pair.

3 Dual-Tree Fast Gauss Transform

3.1 Mathematical Preliminaries

Univariate Taylor’s Theorem. The univariate Taylor’s theorem is crucial for the approximation
mechanism in Fast Gauss transform and our new algorithm:

Theorem 3.1. Ifn > 0 is an integer and f is a function which is n times continuously differentiable
on the closed interval [c,x] and n + 1 times differentiable on (¢, x) then

f@) =3 f“)(c)(x%)i + Rn 8)

i=0

where the Lagrange form of the remainder term is given by

z—c)nt!
R, = f("“)(ﬁ)% for some £ € (¢, z).

Multi-index Notation. Throughout this paper, we will be using the multi-index notation. A
D-dimensional multi-index « is a D-tuple of non-negative integers. For any D-dimensional multi-
indices o, 8 and any x € RP,

lal = a[l] + a[2] + - - - + a[D]

e ol = (a[1])!af2))! - (a[D))

o 2 = (z[1])*M(x[2))*® - (x[D])*1"]
o D™ — 8?[1]8;[2] ,,,ag[D]

e a+p=(afl] +B[1], -, a[D] + B[D])



Algorithm 3 DUALTREE(Q, R): The dual-tree main routine.

if CANSUMMARIZE(Q, R, €) then
SUMMARIZE(Q®, R)
else
if @ is a leaf node then
if R is a leaf node then
DUALTREEBASE(Q, R)

else
DUALTREE(Q, RY), DUALTREE(Q, R®)
else
if R is a leaf node then
DUALTREE(QF, R), DUALTREE(QF, R)
else
DuaLTREE(QL, RL), DuaLTREE(QL, RE)
DUALTREE(QT, RY), DUALTREE(QF, RT)

o a—f=(afl] - B[l ,e[D] — B[D]) for a > B.

where 0; is a i-th directional partial derivative. Define o > § if a[d] > S[d], and « > p for
peZtU{0}if a[d] > p for 1 <d < D (and similarly for a < p).

Properties of the Gaussian Kernel. Based on the univariate Taylor’s Theorem stated above, [11]
develops the series expansion mechanism for the Gaussian kernel sum. Our development begins with
one-dimensional setting and generalizes to multi-dimensional setting. We first define the Hermite
polynomials by the Rodrigues’ formula:

Ha(t) = (=1)"" D" ¥t € R* (9)

The first few polynomials include: Ho(t) = 1, Hq(t) = 2t, Ha(t) = 4t> — 2. The generating function
for Hermite polynomials is defined by:

2ts—s? = Sn
e = ;O —Ha(t) (10)
Let us define the Hermite functions h,(¢) by
ha(t) = e Hy(t) (11)
Multiplying both sides by e~ yields:
SISSIR L
e = ; —ha () (12)

We would like to use a “scaled and shifted” version of this derivation for taking the bandwidth h

into account.
—(t—s)2 —((t=s0)=(s=s0))? =1 (5— 50>n (t— 50>
e 2h2 = e 2h2 = — h., ey 13
z:% nt\v2rz ) "\ V2R (13)




Note that our D-dimensional multivariate Gaussian kernel can be expressed as a product of D
one-dimensional Gaussian kernel. Similarly, the multidimensional Hermite functions can be written

as a product of one-dimensional Hermite functions using the following identity for any ¢ € RP.

Ha(t) = Hap(t[1]) - - - Hayp) (¢[D])
ha(t) :e*”t” Ha(t) = ha)(t[1]) - - hap) (H[D])

where [[¢]|* = (¢[1])* + - + (¢[D])*.

—lit—s]|? —(t[1]—s(1D2 = (¢[2] —s[2D2 — - — (¢[D] —s[D])?
e 2r2 =e 2h2
—t)-sD? (2] —s[2D? —(t[D]—s[D])?
= e 2h2 e 2h2 oee 2h2

We can also express the multivariate Gaussian about another point s € R” as:

oo}

_ ﬁ 5 L (sl (sl
i\ oy nd 2h? " 2h2
) ()
Zoot \vanz ) T\ Va2
The representation which is dual to Equation (I6]) is given by:

e I1 (i (—nld)!”d o, (to[d] 2—hz(d)> (t[d]z;;o)ﬁ)

= o (%) (tfz%)ﬁ

th sl12

The final property is the recurrence relation of the one-dimensional Hermite function:

B (t) = 2t - hn(t) — 20 - b1 (t),t € R

and the Taylor expansion of the Hermite function h, (t) about ¢y € RP.

_ B
ha®) = 3 Eh (<) h ()

3.2 Notations in Algorithm Descriptions

(14)

(15)

(16)

(17)

Here we summarize notations used throughout the descriptions and the pseudocodes for our algo-
rithms. The followings are notations that are relevant to a query point ¢; € Q or a query node @

in the query tree.

e Re(-): The set of reference points r;, € R whose pairwise interaction is computed exhaustively

for a query point ¢; € Q or a query node Q.

o R7(-): The set of reference points r;, € R whose contribution is pruned via centroid-based

approximation for a given query point g; € Q.

11



The followings are notations relevant to a query point ¢; € Q.

e G(gi,R): The true initially unknown kernel sum for a query point ¢; contributed by the
reference set R C R, ie. >, Kp(llgi — 7. |])-

Tin €R
e G'(g;,R): A lower bound on G(¢;, R).
e G"(¢;,R): An upper bound on G(¢;, R).

e G(gi, R): An approximation to G(¢;, R) for R C R. This obeys the additive property for a

family of pairwise disjoint sets {R;}™,: G <qi, U Ri> =3 Glg, Ri).
i=1 i=1

e G (qi, {(R;, Aj)}g-”zl): A refined notation of G (qi, U Rj> to specify the type of approxima-
=1
tion used for each reference node R;.

Here we define some notations for representing postponed bound changes to G'(¢;,., R) and G*(q;,,, R)
for all ¢;,, € Q.

e (Q.Al: Postponed lower bound changes on G!(g;, ,R) for a query node Q in the query tree
and ¢; € Q.

e ().L: Postponed changes to é(qim,RT(qim)) for ¢;,, € Q.

e (Q.A": Postponed upper bound changes on G'(g;,,,R) for a query node Q in the query tree
and ¢; € Q.

These postponed changes to the upper and lower bounds must be incorporated into each individual
query ¢;,, belonging to the sub-tree under Q.

Our series-expansion based algorithm uses four different approximation methods, i.e. A €
{E,T(c,p), F(c,p), D(c,p)}. E again denotes the exhaustive computation of > Kp(||¢; — 75.1])-

i, ER

T(c, p) denotes the translation of the order p — 1 far-field moments of R to the local moments in the
query node ) that owns g; about a representative centroid ¢ inside Q. F(c, p) denotes the evaluation
of the order p — 1 far-field expansion formed by the moments of R expanded about a representative
point ¢ inside R. D(c, p) denotes the p — 1th order direct accumulation of the local moments due to
R about a representative centroid c inside @) that owns g;. We discuss these approximation methods

in Section 3.3l

3.3 Series Expansion for the Gaussian Kernel Sums

We would like to point out to our readers that we present the series expansion in a way that sheds
light to a working implementation. [I1] chose a theorem-proof format for explaining the essential
operations. We present the series expansion methods from the more informed computer science
perspective of divide-and-conquer and data structures, where the discrete aspects of the methods
are concerned.

One can derive the series expansion for the Gaussian kernel sums (defined in Equation () using
Equation ([I0) and Equation (7). The basic idea is to express the kernel sum contribution of a

12



reference node as a Taylor series of infinite terms and truncate it after some number of terms, given
that the truncation error meets the desired absolute error tolerance.

The followings are two main types of Taylor series representations for infinitely differentiable
kernel functions Kj (+)’s. The key difference between two representations is the location of the
expansion center which is either in a reference region or a query region. The center of the expansion
for both types of expansions is conveniently chosen to be the geometric center of the region. For
the node region N bounded by [N.b[1].l, N.b[1].u] X --- X [N.b[D].l, N.b[D].u], the center is N.c =

N.b[L.I4+Nb[1J.u  N.b[DLI+N.b[D].u
2 T 2

1.

Far-field expansion: A far-field expansion (derived from Equation ([I6])) expresses the kernel
sum contribution from the reference points in the reference node R for an arbitrary query
point. It is expanded about R.c, a representative point of R. Equation (L6]) is an infinite
series, and thus we impose a truncation order p in each dimension. Substituting ¢; for ¢, r;
for s and R.c for sp into Equation (8] yields:

2
—llgi—rj, |l

Gla.R)= > ¢ a7
€ER

i a[1d]! <rjn [d] ;h];i.c[d]>ald] - <qi[d] ;}i.c[d]>>

il

rin ERd=1 \ a[d]=0
B D 1 (7, [d — R.cld\*" gi[d] — R.c[d)]
_%ze:zadl:[l <a%£p ald)! ( 21?2 ) red ( 202 ) *
1 Tjn [d] — RC[d] old) qi [d] — RC[d]
a%;p ald]! ( 252 ) hafa < 5 ) )

Truncating after p terms along each dimension yields:

G(gi, R) = G(qi, {(R, F(R.c,p))})

S I ( > i () (W”

ri, ERd=1 \ a[d]<p
= — | = o
), ERa<p @ V2h? 2h?
_Z Z 1 <Tjn — R.C)a h <qi —R.C)
= | = o
a<p |ri eR Qa: 2h2 2h2
=Y Mo(R, Rec)ha <(“ — Rf)
a<p 2h
where we denote N
1 (ry, —c
Moo= 3 4 () (20)
| /
Tin €R @ 2h2

which is a function of a reference node R and an expansion center ¢. We denote G(q;, {R, F(c,p)})
as the far-field expansion of order p — 1 for the kernel sum contribution of R ex-
panded about c. Ideally, we would like to choose the smallest p such that the truncation

13
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Q ° ° R
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q, = T T NN r
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/ ~
~
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h(o 0) \/2h2 h(O,l) \/ﬁ h(o 2) 2h2 h(o 3) \/2h2
q.—R.c q,—R.c g, —R.c q,—R.c
h(l,O) \/27}12 h(l,l) \/Thz h(l,z) \/Thz h(l,3) 21
q—R.c q,—R.c q,—R.c q.—R.c
h(z.O) ﬁ h(z,n \/2}12 h(22> e h(z,S) \/ﬁ
q,—R.c q,—R.c g, —R.c q.—R.c
h(%O) \/ﬁ h(m \/Thz h(3,2> 212 h(s,s) \/27}12

Q|

Figure 5: Given the query node @ containing the query points {g;,, }ln:l and the reference node

R containing the reference points {rjn}lnR:ll, evaluating the far-field expansion generated by the

reference points at the given query point ¢;,, up to four terms in each dimension, G(g;,,, R) =~

1% _ 1 ri,—R.c « i, —R.c . .
G(¢,,,{(R,F(R.c,4))}) = a2<24 aneR 1 (—J\/W ) 1 he ( Neres ), involves computing the sum

of the element-wise product between the two-dimensional array of far-field coefficients with the
query-dependent two-dimensional array.




T
——— — - |
I R e R
]
rj5./‘s‘rj-"\‘3 \‘\ ‘
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L
| I |
I
\./ v |
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Figure 6: The Gaussian kernel sum series expansion represented by the far-field coefficients in R,

a<p

> My (R, R.c)hg (Tjn*R'c), is valid regardless of the location of the given query point, given the

V2h?

size constraint on the reference node (see Section BAl). However, each query point location will
incur different amount of error.

after the chosen order p incurs tolerable error; this will be discussed in Section [3.5l Note that
the far-field expansion for the Gaussian kernel separates the interaction between a reference
point and a query point (namely e~ Nai=rsn|1?/ (%2)) into a summation of two product terms.
For each multi-index «, M, (R, R.c), which depends only on the intrinsic information for the
reference node (the reference points r;, € R and the reference centroid R.c which is con-
stant with respect to R), is called the far-field moments/coefficients of the reference region R.
Because M, (R, R.c) part of the far-field expansion of the Gaussian kernel sums is the same
regardless of the query point ¢; used for evaluation, they can be computed only once and
stored within R for efficiently approximating the contribution of R for different query points
(see Figure [)). Precomputing the far-field moments for a reference node R up to p” terms

rin —R.c

[e3
(i.e. computing > (ﬁ) for each o < p) requires O(|R|pP) operations.
Ti, ER ’ 2h

The far-field expansion of order p — 1 for the Gaussian kernel sums is valid for any query
locations ¢; given that the reference node meets the certain size constraint (see Section [B.3)).
However, for a fixed order p, evaluating on query points that are far away from the reference
centroid in general incur smaller amount of error.

. Local expansion: A local expansion (derived from Equation (7)) is a Taylor expansion of

the kernel sums about a representative point @).c in a query region ). After substituting g;
for t, Q.c for ty and r;,, for s, the kernel sum contribution of all reference points in a reference

15



region R to a query point ¢; € Q) is given by:

G(ai,R) = ) eliz:h;ﬁ
T, ER
5 s (Sl <r>>

Again, truncating after p terms along each dimension yields:

G(ai {(R, D(Q.c, p))})

Z H ( Z nd'"d B, (Q cld] 2h72“gn[ ]) <qi[d] —Q}g‘c[d]>6>

nERA=1 \ng<p
1)? Q-C—Tjn> <Qi —Q.c)
125»;;;, A! 6( 2h2 NS
6 Q.c—rj, (fh —Q.c)ﬁ
_BZ; LXE:R hﬁ( V2h? } NoTE
= g — Q.c B
=3 LoD Qe (L52)

where we denote:

Ls({(R, D(c,p))}) =

Tjn €R

—1)P c—r;

0 , otherwise

{Ls({(R,D(Q.c,p))})}p are the direct local moments of R for Q). The error bound criterion
will be discussed in Section Note that:

é<qi’g{(R“D ) 52 G { (e D))
=22 [ > ‘613 hﬂ<Q.c2—h:jn)] <qi¢_ﬁcg2.c>ﬁ

a B<pa |7j,€ERa
= c g —Q.c p
-2 [ZLﬁ {(Re. D(@. pa»})M <)
c g — Q.c p
5<§a:xpaLﬁ (U{R D(Q. pa))}>< N >
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Figure 7: Given the query node ) containing the query points {g;,, }',Slzl and the reference node

R containing the reference points {r;, }LRZID evaluating the local expansion generated by the ref-

erence points at the given query point ¢;, up to third terms in each dimension, G(g;, ,R) =~

5 17y (Qemri V| (@m=Qe)? ;

G(qi,,, {(R,D(Q.c,3))}) = 62<:3 LZ&R( ,8!) hg( \;ﬁ? )] (q\/mc) , involves taking the dot-
In

product between the two-dimensional array of local coefficients with the query-dependent two-

dimensional array.

In other words, the local moments for a fixed query node @ are additive (see Figure [§]) across
B
a set of disjoint portions of the reference dataset R since its basis functions {(%_2—\/%) }

remain the same for all reference points regardless of their locations. For a given reference
node R, accumulating the local moments of R up to p? terms (that is, evaluating for each
B < p) requires O(|R|pP) operations. These local coefficients are accumulated and stored
within the given query node. The local expansion represented by the local coefficients is valid
for all query points within the query node under certain constraints.

3.4 Gaussian Sum Approximation Using Series Expansion

Now again assume we are given a query node @ and a reference node R. Here we describe three
main methods that use the two expansion types for approximating Gaussian summation, G(g, R),
for each q € Q.
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o Ll Diee 3 |z, (iR, D@ 3] LR, D@ ||
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\
Lo [l(R,D(Q.c,2)}] |L,, (R, D(Q.c,2)))] 0 5
N i .c
O Y LR, Dee. 20 |1, (R, Dige.2)))] 0 L e g,
= 0 0 0 Q
R /
/
Loy (R, D(@, )] 0 0 /
‘h e 0 0 0 /
L2 0 0 0
R3
Figure 8:  Accumulating direct local moments from three reference nodes with the

nodes R;, Rs, and R3 contributing nine terms, four terms, and one term respec-
tively to form the local moments containing the contribution from R;, R, and Rjs:
L({(R1,D(Q.c,3)), (R2, D(Q.c,2)),(Rs3,D(Q.c,1))}). Zeros denote the positions that are not ex-
plicitly computed using Equation ZI). L({(R1,D(Q.c,3)),(R2, D(Q.c,2)),(Rs, D(Q.c,1))}) =
L{(R1,D(Q.¢,3))}) + L({(R2, D(Q.c,2))}) + L{(Rs3, D(Q.c,1))}) is added to the total local mo-
ments for Q.

1. Evaluating a far-field expansion of R: Given the pre-computed far-field moments M, (R)
up to p? terms, one could evaluate the far-field expansion for a given query point ¢ (that is,
approximate G (¢, R)) by forming a dot-product between the query-dependent vector and the
far-field moments, as shown in Figure [ and Figure Bl Approximating G(g, R) for all ¢ € Q
requires O(|Q|p?) operations since evaluating the far-field expansion each time requires O(p”)
operations.

2. Computing and evaluating a local expansion inside () due to the contribution
of R: one could iterate over each reference point 7;, € R and compute the local moments
Ls({(R,D(Q.c,p))}) due to R up to pP terms, as shown in Figure [l and Figure 8 The local
accumulation of the contribution of the reference node R requires O(|R|pP) operations, and
evaluating the local ezpansion for each ¢;, € Q requires a total of O(|Q|p”) operations.

3. Converting far-field moments of R to a local expansion of ): Suppose R has pre-
computed far-field moments up to p” terms. From the far-field moments, we can approximate
the local moments of R but with some amount of error. This can be seen as a generalization of
centroid-based approximation. [I1] describes this method as one of the translation operators,
called far-field to local translation operator, stated below:

Lemma 3.2. Far-field to local (F2L) translation operator for Gaussian kernel (as
presented in Lemma 2.2 in [T1]): Given a reference node R, a query node Q, and the truncated
far-field expansion centered at a centroid R.c of R up to p? terms:
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Figure 9: Two-dimensional far-field coefficients truncated after the first two terms in each dimension
can be converted into a set of local moments using Equation ([22). Computing Lg({(R,T(Q.c,2))})
involves summing up the element-wise product between the matrix (or tensor in higher dimensions)
consisting of the far-field moments and the two-by-two window over the Hermite functions whose
upper left multi-index is 3. This figure shows how to compute L 1)({(R,T(Q.c,2))}).

GG (R, F(Ree,p))}) = 3 Ma(R, Ro)ha (L2225),

a<p
the Taylor expansion of the far-field expansion at the centroid Q.c in Q is given by G(q;,,, {(R, F(R.c,p))}) =

oa\B
T Lal(RT(@ep))) (U2535) where for gi, € Q.

—1)lAl c—R.c
La({(RT @)} = i S0 Mal, R (LE=14) (22)

o< 2h?

Proof. The proof consists of replacing the Hermite function portion of the expansion with its
Taylor series:

G(ai {(R, F(Ree,p))}) = Y Ma(R, Rc)ha (%)

a<p

=Y Ma(R,Rc)Y (—2”‘ hess (Q.c ;hzz:g.c> <qi":/%2.6)6

a<p B8>0
(qz'm - Q-C>ﬁ
vV 2h2

_ (—1)!4l Q.c—R.c
=3 7 ZMQ(R7R.C)}LQ+5< 2h2>

B>0 : a<p
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However, note G(g;,,, {(R, F(R.c,p))}) has an infinite number of terms, and must be truncated
after p” terms. In other words, the local moments accumulated for @) are the coefficients

for G(q;,,, {(R,T(Q.c,p))}) = ﬂ; Ls({(R, T(Q.c,p))}) (Qi,\,}%,c)ﬁ, as shown in Figure

To compute {Lz({(R,T(Q.c,p))})}s<p, We need to iterate over all of p? far-field moments
{M,(R, R.c)}a<p for each Lg({(R,T(Q.c,p))}). This operation runs in O(Dp*”) operations.

In general, these approximations are valid only under certain conditions which depend on how the
error bounds associated with these approximation methods are derived. Moreover, we have not
discussed how to choose the method of approximation given a query and reference node pair, and
how to determine the order of approximation, i.e. the number of terms required to achieve a given
level of error. We discuss the details in Section

3.5 Truncation Error Bounds

Because the far-field and the local expansions are truncated after taking p” terms, we incur an
error in approximation. The original error bounds for the Gaussian kernel in [11] were wrong and
corrections were shown in [3]. Here we present the error bounds for (1) evaluating a truncated
far-field expansion of a reference node for any query point ¢ € RP (2) evaluating a truncated local
expansion of @ due to the contribution of a reference node R for any query point ¢;,, € Q (3)
evaluating a truncated local expansion formed from converting a truncated far-field expansion of a
reference node R for any query point ¢;,, € Q). Note that these error bounds place restrictions on
the size of the nodes in consideration: reference node, query node, or both. First we start with the
truncation error bound for evaluating the far-field expansion formed for a given reference node.

Lemma 3.3. Error bound for evaluating a truncated far-field expansion (as presented in
[3]): Suppose we are given a far-field expansion of a reference node R about its centroid R.c:

G, {(R, F(Rc,p))}) = 3 Mo(R, R.C)ha (q—Rc) where

a<p V2h?
My (R,R.c) = ERi (Tj\"/%'c) . If Vr;, € R satisfies ||rj, — R.c||ooc < Th for r < 1, then for
Tjn €
any q € R,
5 B Bl N~ (DY oy ()
Gla (R F(Re))) - Ga R)| < 725 > )= (T (23)

Proof. We expand the far-field expansion as a product of one-dimensional Hermite functions, and
no .2
utilize a bound on one-dimensional Hermite functions due to [17]: |k, (z)| < %eT,n >0,z €

R

upy (qld), 75, [d), R.cld]) = pi ni (W)’” - (W)

n;=0
| S 1 (g ld - Red)\"™ . (qld)— Reld]
vpy (¢[d], 75, [d], R.c[d]) —gp " (72% ) P, <72h2 )
e T 2 T Cupalald), 7, d], Rcld]) + vpy (ald), 75, d], Rcld]))
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We obtain for 1 < d < D:

(gl 5, ], Recld]) < 5 L riald] = R.cld]

p—1 ni ont 2 p—1
rh |7 272 _ (ald]=R.c[d])® 1 —qP
< E % ; (e 4h? ) < § r < T
n;=0 2h e n,=0 -

_ 21 |y, [d] — Re[d]|™ qld] — R.c|d]
vpy(qld], 75, [d], R.cld]) < nz::p el TR P, BV~ A
| rh ™ 9% [ (ald]—R.cla)? 1 1 4P
< e Ih2 < — R q—
_g::p NGTE ! ( > - \/ﬁn; T Vpll—r

Therefore,

—llg=rj, 112
Hupd l, 75, [d], Recld]) —e™ 202

q—R.c —lla—rj, |1
> Ma(R,R.c)ha ( - > e
V2h?

O

Intuitively, this theorem implies that evaluating a truncated far-field expansion for a query point
(regardless of its location) requires that the reference points used to form the expansion are within
the bandwidth A in each dimension from the centroid R.c (i.e. the reference node has a maximum
side length of 2h).

The following gives the truncation bound for the local expansion formed inside a query node
whose bound is within a hypercube of some side length.

Lemma 3.4. Error bound for evaluating a truncated local expansion: Suppose we are given
the local expansion about the centroid Q.c of the given query node @ accounting for the kernel sum
~ B
contribution of the given reference node R: G(gi,,,{(R, D(Q.c,p)}) = > Lg({(R, D(Q.c,p))}) (qmmzi\/%gc)
B<p
181 s
where gi,, € Q and Ly(Q,{(R, D)} = > EHh, (L)

Ti, ER

IfVq;,, € Q satisfies ||gi,, — Q-c|loo < Th forr <1, then for any g;,, € Q:

l—rD
k=0

|G, LR, D@ o)) — Gl B < b3 < )1—r ( )Dk (24)

ﬂ\*
he] s
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Proof. Taylor expansion of the Hermite function yields:

111y, =7 |12 _1)8 o a _ o B
et S Z ( 1? Z i' (r]n R.c> hors (Q.c R.c) (qlm Q.c>
B! o 2h2 2h2 V2h2

>0 a>0
B (—1)l8l 1 (R.c—rjn>a PN <Q.C—R.c) (qim —Q.c)B
_Bzz;) s ;a’ o) () e 2h? V2h?
W Q.c—rj, Gy — Q.c)ﬂ
_BZ% < 2h2 ) < V2h?

o2

lli[ (up(gi,, [d], 75, 1d], Q-c[d]) + vp(qi,, [d], 5, [d], Q.c[d])) for 1 <d < D, where

Up, (i, [d], 75, [d], Q.cld]) = Z )", (Q.c[d] ;hzjn [d]) (qmi [d] ;h?.C[d]>"d

ng=0

Vo (@i [d), 75, [d], Q-cld]) = i ) (Q.c[d] 2_th" [d]> (qmi [d\]/%}c[d])nd

These univariate functions respectively satisty u,, (g, [d], ;. [d], Q.c[d]) < 1_Tp and vp, (gi,, [d], 75, [d], Q.c[d]) <
\/— 17—, for 1 < d < D, achieving the multivariate bound. The proof is snnllar as in the one given
in Lemma [3.3 O

Lastly, we present the error bound for evaluating a truncated local expansion formed from a
truncated far-field expansion, which requires that both the query node and the reference node are

“small”:

Lemma 3.5. Error bound for evaluating a truncated local expansion converted from
an already truncated far-field expansion: A truncated far-field expansion centered about the
centroid R.c of a reference node R,

Glg, {(R,F(R.c,p))}) = > Ma(R, Rc)h <q_T\/%C>

a<p

has the following local expansion about the centroid Q.c of a query node Q forgqi, €Q: é(qim, {(R,F(R.c,p))}) =
- B 18]
Qiy, —Q.-C . l) Q.c—R.c
T LR TQen)) (“52) where: Ly (R T(@ep)}) = 4 T MalR Rehoss (25557)

Leté%%mj{(R,T(Qi%P»})::E:«LBG(RaTTQ‘3pD})(mvigc)ﬁ’a

B<p
truncation, of the local expansion of G(g;,, . {(R, F(R.c,p))}) after p? terms.
If Vq;,, € Q satisfies ||qi,, — Q.c||so < Th and ¥r;, € R satisfies ||rj, — R.cl|oc <Th forr < %
then for any q;,, € Q:

E@W«RT@cmm—G@wRﬁ
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Proof. We define for 1 < d < D:

Upg = Up(Gir, [d]; 75, [d], Q-cld], R.cld])
Upg = Vp(in [d], 75, [d), Q-c[d], R.c[d])
Wpy = Wp(Gim [d]; 7, [d]; Q-cld], R.cld])

1

p—1 n; P— j
B (1) L (Recld] = rgn ]\ _in;
Upg = Z ng! njzzo n;! ( 2h? ) -

n;=0

Q-cld] — R.c[d]\ [ i [d] — Q.c[d]\™
Fnitn ( 22 ) ( V2h? )
p—1 n; o0 ;
_ (=nmi 1 (Beld —rj, [dIN™ g
Q-cld] = Recld]\ [ i, [d] — Q.c[d]\ ™
Fnitn ( 22 ) ( V2h? )
(™ & 1 (Recld] —rj, [d]\"
nzp nZo ny! ( 2h? ) (=™
i J
Q-cld] = Recld]\ [ i, [d] — Q.c[d]\ ™
Fnitn ( 22 ) ( V2h? )
—dip, =7y |12 D
Note that e 212 = J] (up, +vp, +wp,) for 1 < d < D. Using the bound for Hermite

d=1
functions and the property of geometric series, we obtain the following upper bounds:

g 1—(2r)?)\>
p, < @r)i(2r) = (=2
;mgz:o ( 1-—2r >

Vpa < = > i (2r)™(2r)™ = % (11_ _(222)@) <1(2—T)2pr>

wp, < i i (2r)" (2r)" = % (1__1%) (%)

-

Therefore,

<1 -2r)" i: ( ) (@@= @))H)" (%)Dik

|C(in {(RT(Quc;p))}) = Clai . R)|
e S () e (2 ey
O

[16] proposes an interesting idea of using Stirling’s formula (for any non-negative integer n,

(":1 )n < n!) to lift the node size constraint. This could allow approximation of larger regions that
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Algorithm 4 FARFIELDORDER(Q, R, 7): Determines the order of approximation needed for eval-
uating a far-field expansion of the reference node R.
R.b[d].u—R.b[d].1

2h

r <— max
1<d<D

if » > 1 then
return oo
else
p+0
while p < pye; do
p+—p+1
D—1 D—k
e = (- (25) <7 then
return pf
return oo

possibly contain more points. Unfortunately, the error bounds derived in [I6] were also incorrect.
We have derived the necessary corrected error bounds based on the techniques in [3]. However, we
do not include the derivations here since using these bounds actually degraded performance in our
algorithm.

3.6 Determining the Approximation Order

Note that Lemma B3] Lemma [34, and Lemma answer the question of the following form:
given that we use p” terms in the appropriate expansion type, what is the upper bound on the

approximation error, ‘G(q,R) — G(q,R)|? Nevertheless, all three lemmas can be re-phrased to

answer the question in reverse: given the maximum user-desired absolute error, what is the order
of approximation/number of terms required to achieve it? This question rises naturally within
our dual-tree based algorithm that bounds the kernel sum approximation error on each part in a
partition of the reference dataset R.

Algorithm @l shows how to determine the necessary order of the far-field expansion for the given

reference node R such that }é(q, R) — G(g, R)} < 7. That is, the approximation error due to the

far-field expansion of R is bounded by the error allocated for approximating the contribution of
the reference node R. Using far-field expansion based approximation requires a “small” reference
node. Thus, the algorithm first computes the ratio of the maximum side length of R to twice the
bandwidth A, and determines the least order required for achieving the maximum absolute error 7
by evaluating the right-hand side of Equation (23)) iteratively on different values of p.

Algorithm [B shows how to determine the necessary order of the local expansion formed by
directly accumulating the contribution of the given reference node R onto the given query node Q.
This approximation method requires the query node ) to have the maximum side length within
twice the bandwidth. The algorithm determines the least order required for achieving the maximum
absolute error T by evaluating the right-hand side of Equation (24)) iteratively on different values
of p.

Finally, Algorithm [6] determines the necessary order of local expansion formed by converting
a truncated far-field expansion of the given reference node R. In contrast to the two previous
algorithms, this one requires both the query node @ and the reference node R to have a maximum
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Algorithm 5 LOCALACCUMULATIONORDER(Q, R, 7): Determining the order of approximation
needed for forming a local expansion of the contribution from the given reference node R for the
query node Q.
r— max Q~b[d]~u2;Q.b[d]-l
1<d<D
if » > 1 then
return oo
else
p+0
while p < pye,; do
p+—p+1

L Loy (2 <t
= T)DZ()( rP) NG < 7 then
return p

return oo

Algorithm 6 CONVERTFARFIELDTOLOCALORDER(Q, R, 7): Determining the order of approxi-
mation needed for evaluating a far-field expansion of the given reference node R.
d].u—Q.b[d].1 R.b[d].u—R.b[d].l}

an J an

B
r < max maX{Q
1<d<D

if r > é then
return oo
else
p+0
while p < ppeq do
p<p+1
y(2— (27y7)\ P
if iy Z (P)((1 = (2r)P)2)* (ij(?))) < 7 then
return p
return oo

side length less than the bandwidth h. After the node size requirements are satisfied, the least order
required for achieving the maximum absolute error 7 is obtained by evaluating the right-hand side
of Equation (23]) iteratively on different values of p.

3.7 Deriving the Hierarchical FGT

Until now, we have discussed the approximation methods developed for a non-hierarchical version
of fast Gauss transform described in [I1]. In this section, we derive the two additional translation
operators that extend the original fast Gauss transform to use a hierarchical data structure. Here we
consider the reference tree, which enables the consideration of the different portions of the reference
set R at a different granularity. Given the computed far-field moments of R and R%, each centered
at R%.c and RF.c, how can we efficiently compute the far-field moments of R centered at R.c, the
parent of RY and R®? The first operator allows the efficient bottom-up pre-computation of the
Hermite moments in the reference tree.
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Reference tree Query tree

Figure 10: The solid arrows mark the flow of contribution from the reference tree to the query tree
in case of a prune via a far-field to local translation between the reference node R and query node
@. On the reference side, the far-field moments are formed in the bottom-up fashion; on the query

side, the accumulated local moments will be propagated downwards during a post-processing step
via local-to-local translations.

Lemma 3.6. Shifting a far-field expansion of a reference node to a new center (F2F
translation operator for the Gaussian kernel): Given the far-field expansion centered at R.c
in a reference node R:

G(g.{(R, F(R.c,p)}) = Y Ma(R, R.c)ha (q\;%0>

this same far-field expansion shifted to a new location ¢ is given by:

G, {(R. F(R.e.p))}) = Gla. (R P p))}) = S My (R, ¢y (122
) = ) =S e (155

where
, 1
My(R, )= S e

_ |
ofaz, (V)

I\«
J\/.Ia(R,Rc)<R‘c C)

T (26)

Proof. Replace the Hermite part of the expansion by a new Taylor series:

G(q,{(R,F(R.c,p))})

=Y Ma(R, Rc)ha (tr?)

a<p
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Figure 11: Given the far-field moments of R and R* illustrated in the first two tables, Theorem 3.6
can re-center each set of far-field moments of RY and R at centroid R.c. The re-centered far-field
moments are shown in the third table with two numbers, each contributed by RY and RF. The
far-field moments of R are then computed by adding up the two re-centered moments entry-wise.

-3 wenra S () e (55)

a<p B>0
1 [ —Rce\” q—c
=> > M, RRc)—( (-=1)%h w( )
] /512
a<p >0 2h? 2h?

a<p >0

)
=33 Mu(r, Rc)l, (R';j')ﬁhw <%)
2| 5 e

Y<p |0<a<y
where v = a + (. O

Using Lemma[B.0] we can compute the far-field moments of @ centered at @Q).c by translating the
moments { M., (RY, RL.c)}, <, and { M, (RE, RT.c)}. <, to form the moments { M., (R, R.c)}, <, and
{M,(R® R.c)}y<p. Then, the far-field moments of R = Ry U Ry are {M,(RE, R.c)+ M, (RE, R.c)}
and

G(¢.{(R,F(R.c,p))}) = > (M, (R", R.c) + My (R", R.c))h, (q\;%c>

Computing each M, (RY, R.c) from M, (R", R*.c) (and each M., (R®, R.c) from M, (R", R".c)) re-

quires iterating over at most p” terms. This operation runs in O(Dp?P), which can be more efficient
than computing the far-field moments of R centered at R.c from scratch (which is O(|R|Dp?)).
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The next translation operator acts as a “clean-up” routine in a hierarchical algorithm. Since we
can approximate at different scales in the query tree, we must somehow combine all the approxi-
mations at the end of the computation. By performing a breadth-first traversal of the query tree,
the L2L operator shifts a node’s local expansion to the centroid of each child.

Lemma 3.7. Shifting a combined local expansion of a query node to a new center (L2L
translation operator for Gaussian kernel): Given a combined local expansion centered at Q.c
of the given query node Q:

q—Q-C>ﬁ

G(a,Ro(QURT(Q) = > Ls(Q.c, Rp(Q) URT(Q)) ( NeT

B<p

Shifting this local expansion to the new center ¢ € Q yields:

G(¢, Ro(Q)URT(Q))

ne> ﬁLB(Q.QRD(Q)URT(Q)) <C, _2,?2'C>Ba] (f/%)a

a<p [B>a ’

where we denote

Lo(d, Ro(QURT(Q) = TG

Proof. Use the multinomial theorem to expand about the new center ¢’:

q-— Q-C>ﬁ
V2h2

(0. Ro(Q) URT (@) = 3 Ls(@.; Ro(Q) URT(Q)) (

B<p

=> > Ls(QeRo(Q)U RT(Q))Q!(;i a)! (c, _23(:)6& (?/;TCZY

B<pa<p ’

whose summation order can be interchanged to achieve the result. O

Using Lemma 3.7l we can shift the local moments of @ centered at Q.c to a different expan-
sion center, such as an expansion center of one of the child nodes of Q). Let p be the maximum
approximation order used among the reference nodes pruned via far-to-local translation (R7(Q))
and direct local accumulation (Rp(Q)). The local moment propagation to both child nodes of @
is achieved by the following operations:

{Ls(Q".c, Rp(Q") URT(Q™))}s<p +{Ls
{Lg

Q" ., Ro(QF) URT(QM)}s<pt
QY e, Rp(Q)URT(Q))}s<p

{L5(Q".c, Ro(Q") URT(Q™))}s<p +{Ls(Q%.c, Rp(Q™) URT(Q™) }p<pt
{Ls(Q".c,Rp(Q) URT(Q))} p<p

where the addition operation is an element-wise operation that combines the two scalars with the
same multi-index position.

o~ o~~~
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Figure 12: Given the local moments centered at @).c, Theorem [B.7] can re-center them at the two
centroids QF.c and QF.c.

3.8 Choosing the Best Approximation Method

Suppose we are given a query node () and a reference node R pair during the invocation of Algo-
rithm CANSUMMARIZE function for the higher-order DFGT algorithm has four approximation
methods available: A € {E,T(c¢,p), F(c,p), D(c,p)} (see Section B.2). Because we would like to
avoid exhaustive computations, the higher-order DFGT algorithm uses only three of the approxima-
tion methods and defers exhaustive computations until query/reference leaf pairs are encountered.
Algorithm [7] tests whether the given query node and reference node pair can be approximated by
evaluating the far-field moments of R, computing direct local accumulation due to R, and trans-
lating some of the terms that constitute the far-field moments of R (far-field-to-local translation
operator) and evaluates the asymptotic cost of each approximation. Algorithm [7] then determines
the approximation method with the lowest asymptotic cost. This idea was originally introduced
in [I1] in the description of the original fast Gauss transform algorithm. The key difference is that
even if Algorithm [ returns F (when none of the other approximation methods can beat the cost of
the exhaustive method), our hierarchical algorithm will not default to exhaustive evaluations and
will consider the query points and reference points at a finer granularity, as shown in Algorithm I3

3.9 Hierarchical FGT

Given the analytical machinery developed in the previous section, we now describe how to extend
the centroid-based dual-tree [7, @] to do higher-order approximations. The main structure of the
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Algorithm 7 CHOOSEBESTMETHOD(Q®, R, 7): Chooses the FMM-type approximation with the
least cost for a query and reference node pair.
pr < FARFIELDORDER(Q, R, 7)
pp  LOCALACCUMULATIONORDER(Q, R, T)
pr + CONVERTFARFIELDTOLOCALORDER(Q, R, T)
Cp < NQDPF+1, Cp < NRDPD+1, CcT <— .D2pT+17 CE < DNQNR
if ¢p = min{cp, cp,cr,cp} then
return F(R.c,pr)
else if ¢p = min{cp, cp,cr,cg} then
return D(Q.c,pp)
else if ¢y = min{cp,cp, cr,cp} then
return 7(Q.c,pr)
else
return F

Figure 13: Four ways of approximating the contribution of a reference node to a query node.
Top left: exhaustive computations (few reference points/few query points); Top right: far-
field moment evaluating (many reference points/few query points); Bottom left: direct local
moment accumulation (few reference points/many query points); Bottom right: far-field-to-local
translation (many reference points/many query points).

algorithm is shown in Algorithm [8] We provide only a high-level overview of our algorithm and
defer the discussion on the implementation details to Appendix.

Initialization of the query tree. Each query node maintains a vector storing (pmam)D terms,
where P40 18 a pre-determined limit on the approximation orden] depending on the dimensionality
of the query set Q and the reference set R. For the experimental results, we have fixed p;,q; = 6
for D=2, pypaz =4 for D =3, ppaz =2 for D =4 and D =5, pppae = 1 for D > 6.

Pre-computation of far-field moments. Before the main KDE computation can begin, we pre-
compute the far-field moments of each reference node in the reference tree up to (pmam)D terms. We
show how to efficiently pre-compute the far-field moments of each reference node in the reference
tree in Algorithm [[0] The algorithm uses Equation (20)) for the leaf node and Equation (28) for

1We impose this limit because the number of terms scales exponentially with the dimensionality D, O(pD).
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Algorithm 8 DFGTMAIN(Q, R): The main KDE routine.

Q™°! + BUILDKDTREE(Q), R™°! + BUILDKDTREE(R)
DFGTINITQ(Q™°!),  DFGTINITR(R™)
DFGT(Q™°, R™°t),  DFGTPosT(Q™)

Algorithm 9 DFGTINITQ(Q): Initializes query bound summary statistics.

{Initialize the node bound summary statistics.}
GHQ,R)+ 0, G“Q,R)+ [R], QA «+0, QA"“«+0
{Initialize translated local moments to be a vector of length (p?mz).}

Q'L0§i<(pm,n)D —0
if @ is a leaf node then
{Initialize for each query point.}
for each ¢;,, € @ do
G'(gi,, R) 0, G*(4i,,, R) + [R]

G(¢i,.,R) <0,  G(¢,.Re(q,,)) < 0

G(4i,,» R7(4i,,)) < 0, G(4i,., Rp(4i,.) URT(gi,,)) + 0
else

DFGTINITQ(QY),  DFGTINITQ(QR)

translating the moments of the child nodes for the internal node case. We describe the implemen-
tation details in Appendix.

Determining the prunability of the given query and reference pair (shown in Algo-
rithm [[2)). Note that the function SUMMARIZE includes calls to the following functions (see Ap-
pendix):

1. EVALFARFIELDEXPANSION: evaluates the far-field moments stored in R at each query point
in Q up to (pr)P terms. See Algorithm 23

2. ACCUMULATEDIRECTLOCALMOMENT: computes direct local moment contribution of R cen-
tered at Q.c in Q. See Algorithm 25

3. TRANSFARTOLOCAL: translates the far-field moments of R up to (pr)” terms to the local
moment centered Q.c in Q. See Algorithm 241

Dual-tree Recursion. Algorithm [I3] shows the basic structure of the dual-tree based KDE
computation (see Figure ). This procedure is first called with @) and R as the root nodes of the
query and the reference tree respectively. CANSUMMARIZE takes three parameters: the current
query node @, the current reference node R, and the global relative error tolerance e. This function
tests whether the the contribution of the given reference node for each query point in the given
query node can be approximated within the error tolerance. If the approximation is not possible,
then the algorithm continues to consider the query and the reference data at a finer granularity.
The basic idea is to terminate the recursion as soon as possible by considering large “chunks” of the
query data and the reference data and avoiding the number of exhaustive leaf-leaf computations.
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Algorithm 10 DFGTINITR(R): Pre-computes far-field moments.

{Initialize the far-field moments of R to be empty.}

for i =0to i < (pmaz)” do
MPOSITIONTOMULTHNDEX(i,pm)(Rv R.c) <0

if R is a leaf node then
{Accumulate far-field moment from each point (Equation 20)).}
ACCUMULATEFARFIELDMOMENT(R)

else
{Recursively compute the moments of the child nodes and combine them.}
DFGTINITR(RY), DFGTINITR(RE)
TRANSFARTOFAR(RY, R), TRANSFARTOFAR(R®, R)

Algorithm 11 CANSUMMARIZE(Q, R, €): Determines the prunability of the given query node @
and reference node R

return CHOOSEBESTMETHOD (Q,R, W#) +F

We can achieve this if we utilize approximation schemes that yield high accuracy and have cheap
computational costs.

Each prune made for a pair of a query and a reference node is summarized in the given query
node by incorporating the lower and the upper bound changes 6'(Q, R) and §*(Q, R) contributed
by the reference node into Q.A! and Q.A%*. These two bound updates due to a prune can be
regarded as a new piece of information which is known only locally to the given query node Q. All
of the bounds in the entire subtree of @ should reflect this information. One way to achieve this
effect is to pass the lower bound and the upper bound changes owned by Q (i.e., Q.A! and Q.A%)
to @’s immediate children, whenever the algorithm needs to consider the query dataset at a finer
granularity by recursing to the left and the right child of Q.

Base-case Computation. If a given leaf query and leaf reference node pair could not be pruned,
then DFGTBASE (shown in Algorithm [[4]) is called. Because all kernel evaluations are computed
exactly, we can refine the bound summary statistics of the given query node @ (that is, G'(Q,R)
and G*(Q,R)) further and hence we reset them to oo and —oo respectively. For each query point
¢i,, € Q, we first incorporate the postponed bound changes passed down from the ancestor node of

Algorithm 12 SUMMARIZE(Q, R): Summarizes the contribution of R.

{Add bound changes.}
QA+ Q.A' +5(Q, R), Q.A" + Q.A" + 5“(Q, R)
if A is of the form F(R.c,pr) then
EVALFARFIELDEXPANSION(R, Q, pF)
else if A is of the form D(Q.c,pp) then
AccUMULATEDIRECTLOCALMOMENT(R, Q, pp)
else
TRANSFARTOLOCAL(R, Q, pr)
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Algorithm 13 DFGT(Q, R): The core dual-tree routine for computing KDE.
5l(Q7R) = |R|Kh(du(Q7R))7 6U(Q7R) = |R|(Kh(dl(Q7R)) - 1)
{Add postponed contributions/bound changes from the current pair.}
Gbrev (Q,R) + GHQ,R) + Q.A' + 64(Q, R)
GUm(Q,R) = GY(Q,R) + Q.A" +6(Q, R)
if CANSUMMARIZE(Q, R, ¢) then
SUMMARIZE(Q, R)
else
if @ is a leaf node then
if R is a leaf node then
DFGTBASE(Q, R)
else
DFGT(Q, R*),DFGT(Q, R%)
else
{Push down postponed bound changes owned by @ to the children.}
QF A QL. A+ Q.AL, QF.Al  QEA + Q.A!
QF A" — QV A" + Q.A", QF.A" — QFR.A" + Q.Av
QA «—0, QA"+0
if R is a leaf node then
DFGT(Q%, R), DFGT(Q®, R)
else
DFGT(QF, RF),DFGT(Q, R?),DFGT(QT, R*),DFGT(QT, RY)
{Refine the bounds based on the recursion results.}
GHQ,R) + min{GH(Q*, R) + QF.AL, G{QF, R) + QF.Al}
G*(Q,R) + max{G“(QL, R) + QL.A",G*(QF, R) + QR.A%}

Q. We loop over each reference point r;, € R and compute the kernel value between ¢;,, and r;, and

accumulate the lower bound G(g;,,,R), the kernel sum computed exhaustively G(q:,,,Re(gi,,)),
and the upper bound G*(g;,, ,R)

Note that we subtract one for updating G%(g;,,,R) for correcting the prior assumption that
Ku(llgi,, —5,1]) = 1, while the lower bound G(g;,,, R) and G(g;,,, Re(qi,,)) are incremented by
Kn(1¢,, —74.11). As the contribution of the reference node R is added onto the query point ¢;,,’s
sum, we can refine the bound summary statistics owned by @ such that G'(Q, R) = mienQ GYq,,,R)

@

and G*(Q,R) = Inauz2 G“(qi,,,R). Finally, we reset the postponed bound changesmstored in @ to
im €

Zero.

Post-processing (shown in Algorithm [[H]). For the non-leaf case, the local-to-local translation
operator (TRANSLOCALTOLOCAL) is called to re-center the local moments at the current level and
passes them down to the child nodes. For the leaf-case, EVALLOCALEXPANSION is called to convert
local moments to a single scalar that represents the contribution to a given query point.
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Algorithm 14 DFGTBASE(Q, R): Computes exact contribution of R to Q.
Gl(QvR) & o0, GU(Q,R) —
for each ¢;,, € Q do
{Add postponed changes passed down from the ancestor node of Q.}
Gl(qim,R) — Gl(qim,R) + Q.Al, G“(qim,R) — G“(qim,R) + Q.A"
for each r;, € R do
v < Kn(llgi,, —75.1); G'(dis R) < G'(di,, R) + v
G(4i,,,Re(qi,,)) < G(4i,,, Re(qi,,)) +v
Gu(qlva) <~ GU(QZmaR) + (1} - 1)
{Refine the bound summary statistics owned by Q.}
GYQ,R) + min{G(Q,R),G (¢, ,R)}
G*(Q,R) + max{G"“(Q,R),G"(q:, ,R)}
Q.A' 0, Q.A* 0

3.10 Basic Properties of DFGT Algorithms

Theorem 3.8. Lower/upper bounds are maintained properly at all times for each q € Q and each
query node Q during the function call DEGTMAIN.

Proof. We show that the bounds are maintained properly for three main parts in the function
DFGTMaIN: DFGTINITQ, DFGT, and DFGTPOST.

The function call DFGTINITQ: It is clear that for all ¢; € Q, 0 = G'(¢;, R)
G%(¢;,R) = |R|. Furthermore, for each query node @, 0 = G'(Q,R) < G(g;,,,R)
|R| for each ¢;, € Q.

< G, R) <
S p—

G"(Q,R)

The function call DFGTBASE: Let @ and R be the query node and the reference node respectively.
For each query point ¢;,, € Q, G(g;,,,R) is incremented by Q.A' + > Ky(||g:,, — 7;,]]), and

Ti, ER

G“(q;,,,R) by Q.A"+

> (Kw(lgi,. —7j,.1]) — 1); this operation incorporates the passed-down contribution for ¢;,, € @,
rj, ER
and un-does the assumption made during the initialization phase of DEGTINITQ. G'(Q,R) and
G*(Q,R) are updated to be the minimum among G'(g;, , R) and the maximum among G*(g;,,, R)
respectively. The postponed bound changes Q.A! and Q.A% are cleared to avoid double-counting
when ) may be visited later.

The function call DFGT: We induct on the number of points owned by the query node @) and the
reference node R in consideration (i.e. |Q|+ |R|). The only possible places that change G!(g;, ,R),
G“(¢i,,,R), GH{Q,R) and G*(Q,R) are the call to the base case function DFGTBASE and the last
two lines of the function DFGT. The correctness of DFGTBASE function is proven already, so we
consider the second case. The two function calls DFGT(QY, R) and DFGT(Q%, R) (in case R is
a leaf node) and the four function calls

DFGT(Q*, RF), DFGT(Q¥, R%), DFGT(Q%, R"), and DFGT(Q®, RT) (in case R is an internal
node) are smaller subproblems than (@, R) pair. By the induction hypothesis, these calls maintain
the lower and the upper bounds properly. The lower bound is set to the minimum of the “best”
lower bound owned by the children of Q: min{G*(Q%, R) + QF.Al, GH(QF, R) + QF.Al}. Similarly,
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Algorithm 15 DFGTPosT(Q): The post-processing routine.

if @ is a leaf node then

GHQ,R) + oo, G“(Q,R) < —o0

for each ¢;,, € @ do
{Add bound changes for the query node at the given query point ¢;,, .}
Gl(qim,R) — Gl(qim s R) + Q.Al, Gu(qim,R) — G“(qim s R) + QAU
{Refine summary statistics for lower and upper bounds.}
G'(Q,R) + min{G'(Q,R),G ;. R)}
Gu(Qv R) — maX{Gu(Qa R)v G* (qim ) R)}
{Compute the contributions from the accumulated local moments.}
G(qi, . R1(q:,)) < EVALLOCALEXPANSION(Q)
{Sum the contribution from the local moments (direct or translated), the far-field evaluations,
and exhaustive evaluations. } N
G(Gin» R) = G(Giny, R (i) URT (@irn)) + G (i RF (i) + G(dir, Re)

AN Q)+ 0, A*Q)+0, Q.L+0

else

TrANsLocaLToLocAL(Q, QF), TRANSLOCALTOLOCAL(Q, Q%)

QYA+ QF AL+ QA QRA + QRA+Q.A!

QLAY « QLAY + Q.A%,  QER.AY « QF.A" + Q.AY

Q.L+0, QA '+—0, QA“+0

DFGTPosT(QY), DFGTPosT(QF)

{Refine the bounds based on the results of the recursion.}

G'(Q,R) « min{G'(Q", R),G'(Q", R)}

G'(QR) « max{G"(Q",R),G"(Q", R)}

the upper bound is set to the maximum of the “best” upper bound owned by the children of Q:
max{G*(QF, R) + QL.A* G*(Q%,R) + QF.A%}.

The function call DFGTPosT: We again induct on the number of points owned by the query
node @ passed in as the argument to this function. If the query node @ is a leaf node, each query
point ¢;,, € Q incorporates the passed-down bound changes Q.A! and Q.A". The bounds G'(Q, R)
and G*(Q,R) are (correctly) set to the minimum among G'(g;,, ,R) and the maximum among
G“(qi,,, R). If Q is not a leaf node: we know the sub-calls DFGTPosT(QL) and DFGTPosT(QF)
maintains correct lower and upper bounds by the induction hypothesis since Q% and Q@ contain a
smaller number of points. Setting the lower and upper bounds for Q by the operations: G'(Q, R) <«
min{G'(Q*,R),G(QF,R)}, G*(Q,R) + max{G“(QF,R), G*(QF,R)} is valid. O

Theorem 3.9. After calling DFGTPoOST (Algorithm [[4) in DFGTMAIN (Algorithm [8), each
query point g; € Q accounts for every reference point r; € R in its Gaussian kernel sum approxi-

mation G(g;, R).

Proof. In Algorithm [I3] for each ¢; € Q, each r; € R is either accounted by an exhaustive compu-
tation in DFGTBASE or a prune in SUMMARIZE. All exhaustive computations for ¢; € @ directly
update G(g;, Re(g;)), while any pruned contributions will be incorporated into each G(g;, R7(g;))
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(hence into G(q;, R(¢;))) and when they are pushed down (to the leaf node to which ¢; belongs)
during the DFGT recursion or DEFGTPOST. O

Theorem 3.10. For each query point q; € Q, the approximated kernel sum CNJ(qi,R) satisfies the
global relative error tolerance e.

Proof. For simplicity, let us limit the available approximation methods to A € {E,T(c,1)} where
E denotes the exhaustive computation and T'(¢, 1) denotes the centroid-based approximation about

c.
Given ¢; € Q, let Q" be the (unique) leaf node that owns ¢;. Let {Rr,}.*, denote the set
of reference nodes whose kernel sum contribution were accounted via centroid approximation and

{REb}l])V:bl the set of reference nodes whose kernel sum contribution were computed exhaustively.

N, Ny

Then it is clear that R = (U RT> U (U REb) with Ry, N Ry, = 0, Rg, N Rg,, = 0,
a=1

Rr,NRg, =0for1<a,a”" <N, and 1 <V,b" < Np. Let Qr, be the query node that owns g;

and is considered with the reference node Ry, and pruned. Let G (Qr,,R) be a “snapshot” of
the running lower bound on the kernel sum for query points owned by @7, at the time the query

node Qr, and the reference node Ry, were considered (and subsequently pruned). By the triangle
inequality:

‘G ¢, R) — G(¢:, R

(q (]L\r_j{(RTa, (Q.c,1)) >U<1Lv_j{(REva)}>>—
o) ()

< (Z & (a1 (Rr, T(@,1))}) — G(qi,Rm) "
a=1

(2]
)

Ny
(Zé (¢ {(RE,, E)}) — G(a, REb)> ’

(¢i> {(Rr,,T(Q-c,1))}) — G(gi, R, )| +

A(Be,, D)) - Glai. R,
b=1

N,
a |Kr(d*(QT,, Rt,)) — Kn(l|QT, -c — R, Cl|)]
SZ‘RTa‘maX{ |Kh(dl(QTayRTa)) Kh(IIQTaC_RTa CII }+Z|REb| 0

a=1

R
Z \RTa\EGz(a) (@r. R) + Z\ Eb‘eGl(b)(Q/’R)

a=1 |R| b=1 ‘R‘
< ‘RTG‘EG BB g R) < calan
Z (¢, R Z IR| (¢:,R) < eG(qi, R)

b=1

The proof can be easily extended to the case with four available approximation methods A €
{£,T(c,p), F(c,p), D(c,p)}. 0
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Alg\Scale[ 0.001 [ 0.01 01 [1 |10 [100 ] 1000 | X%
§j2-50000-2, D = 2, N = 50000, h&y, , = 0.00139506
Naive 241 241 241 241 241 241 241 1687

FFT 00 00 00 00 00 1.02 0.03 00
FGT X X X 2.63 1.48 0.33 0.18 X
IFGT 00 00 00 155 7.26 0.40 0.03 %9
DFD 1.58 1.63 2.14 4.33 39.7 29.5 1.51 80.39
DFGT 0.43 0.47 1.00 3.48 21 2.48 0.96 29.8

colors50k, D = 2, N = 50000, hey, . = 0.0016911
Naive 241 241 241 241 241 241 241 1687

FFET 00 o) o) o) o) o) 0.16 o)
FGT X X X 120 10 4 0.22 X
IFGT 9 9 9 ) ) 0.54 0.07 9
DFD 1.62 1.76 2.36 12.5 102 17.0 2.41 139.65
DFGT 0.44 0.60 1.21 15.6 20 4.20 0.67 42.7

bio5, D = 5, N = 103010, hg,y, . = 0.000308646
Naive 1310 | 1310 | 1310 | 1310 | 1310 | 1310 | 1310 | 9170

FFT X X X X X X X X
FGT X X X X X X X X
IFGT 00 00 00 00 00 00 1.04 00
DFD 0.34 0.36 0.92 6.31 113 643 125 888.93

DFGT 0.35 0.37 0.94 6.51 102 304 121 535.17

Figure 14: Empirical comparison of six different algorithms on different magnitudes of bandwidths
on three different datasets. Each entry in the table has a timing number (if finite), oo symbol (if
no parameter tweaking could achieve the error tolerance), X symbol (if the algorithm segfaulted).

4 Experimental Results

We evaluated empirical performance of six algorithms:
e Naive: the brute-force algorithm (Algorithm [I).
e FFT: Fast fourier transform based kernel density estimate [18].
e FGT: Fast Gauss transform [I1].

e IFGT: improved fast Gauss transform [19] [13].

DFD: the dual-tree centroid-based approximation method [7, [9].
e DFGT: our new algorithm (Algorithm [8]).

We used the following six real-world datasets:
e 572-50000-2: two-dimensional astronomy position dataset.
e colors50k: two-dimensional astronomy color dataset.

e bio): five-dimensional pharmaceutical dataset.
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Alg\Scale[ 0.001 [ 0.01 01 [1 |10 100 ] 1000 |%
edsge-radec, D = 2, N = 1495877, h¢y, . = 0.000473061
Naive 2.2e5 2.2e5 2.2e5 2.2eb 2.2eb 2.2eb 2.2e5 1.5e6
DFD 4.9el 4.9el 6.3el le2 1.5e3 2e4 1.3e3 2.3e4
DFGT 6.8e0 7.4e0 2.1el 5.9¢el 1.7e3 3.5e3 1.4e2 5.4e3
mockgalaxy-D-1M, D = 3, N = 1000000, h¢y, . = 0.00010681
Naive 9.6e4 9.6e4 9.6e4 9.6e4 9.6e4 9.6e4 9.6e4 6.7e5
DFD 2.4e0 2.4e0 2.6e0 1.5el 9.7el 1.7e2 4.4e3 4.7e3
DFGT 2.4e0 2.4e0 2.6e0 1.5el 1.1e2 2.1e2 4e3 4.3e3
psfl-psfd-stargal-2d-only, D = 2, N = 3056092, h&v, . = 0.00489463
Naive 9e5 9e5 9e5 9eb5 9eb5 9eb5 9e5 6.3e6
DFD 1.1e2 1.5e2 1.2e3 2.2e4 3.9¢e4 2.9e3 1.1e2 6.5ed
DFGT 3.9el 8.1el 1.4e3 1.6e4 2.3e3 1.9e2 4.2el 1.9¢e4

Figure 15: Empirical comparison of three algorithms on different magnitudes of bandwidths on
three larger datasets. All timings are reported in seconds.

e edgsc-radec: two-dimensional astronomy angle dataset.
e mockgalaxy-D-1M: three-dimensional astronomy position dataset.
o psf1-psf4-stargal-2d-only: two-dimensional astronomy dataset.

Note that the last three datasets contain over 1 million points and demonstrate the scalability
of our fast algorithm. For each dataset, we evaluated the empirical performance on computing
kernel density estimates at seven different bandwidths ranging from 1072 to 102 times the optimal
bandwidths according to the standard least-squares cross-validation score [15]. We measured the
time required for computing KDE estimates that guarantee the global relative error criterion:

’G(qi, R) — G(q, R)’ < eG(¢i, R). We used € = 0.01. Each entry in the table has a timing number

(if finite), oo symbol (if no parameter tweaking could achieve the error tolerance), X symbol (if the
algorithm segfaulted; this is common in grid-based algorithms in higher dimension). The entries
under ¥ symbol denote the total time for least-squares cross-validation. Note that the FGT ensures:

‘G(qi,R) — G(qi, R)‘ < 7. Therefore, we first set 7 = ¢, halving 7 until the error tolerance ¢ was

met; the time for verifying the global error guarantee (which includes comparison against the naively
computed results) was not included in the timing. For the FFT, we started with 16 grid points
along each dimension, and doubled the number of grid points until the error guarantee was met.
For the IFGT, we took the most recent version of the algorithm that does automatic parameter
tuning described in [I3]. Our algorithms based on dual-tree methods guarantees the error bound
automatically via a direct parameter e.

The naive timings for the last datasets have been extrapolated from the performances on the
smaller datasets. Our results demonstrate that our new algorithm can be as 15 times as fast as
the original dual-tree algorithm. As expected, the grid-based original fast Gauss transform and the
fast Fourier transformed based method fails in dimensions above two.
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Figure 16: Top: It is conceptually easy to visualize the moments to be stored in a multi-dimensional
array conceptually. Each dimension iterates over py,., scalars, giving a total count of (pmam)D
scalars. Bottom: The linear layout for the storing the coefficients.

5 Conclusion

In this paper, we combined the two methods: the dual-tree KDE [8] and the original fast Gauss
transform [I1] to form the hierarchical form of the fast Gauss transform, the Dual-tree Fast Gauss

Transform. Our results demonstrate that the O(p”) expansion helps reduce the computational
time on datasets of dimensionality up to 5.

Appendix: Implementing the Gaussian Series-expansion

This section explains how to implement the series-expansion mechanisms in computer languages
such as C/C++.

Storing the far-field/local moments as a linear array. Although the moments are inherently
multi-dimensional, we store all coefficients in a C-style one-dimensional array. Each query node
stores (pmax)D local moment terms. Similarly, each reference node stores (pmax)D far-field moment
terms. These are allocated as a linear array during the construction of the two trees, as shown

in Figure [16 which implies a bijective mapping between D-digit radix-p,,q, numbers and decimal
numbers between 0 and p2 - 1 inclusive.

Converting between a position and a multi-index in the linear array. Algorithm [T6]shows
the mapping from a position in the linear array of (pmax)D terms to its corresponding multi-index.
The algorithm converts the given position (given in base 10) to a number in base p. Algorithm [I7]
converts the given multi-index to its corresponding position in the linear array of length (pmaz)D.
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Algorithm 16 PosITIONTOMULTIINDEX (4, p): Converts the position of a linear array of length
pP to its multi-index.

{i-th position maps to the multi-index «.}
Qj=1,.... p <0
ford=Dtod=1do
ald—(D-1)] « |4
141 mod p
return o

It is basically an algorithm to convert a radix-p,,., number to its decimal representation.

Algorithm 17 MULTIINDEXTOPOSITION(«): Converts the given multi-index to its corresponding
position in the linear array of length (pmax)D

{Converted position from the multi-index.}
z <+ 0, f+1
ford=Dtod=1do
x4+ x4+ f-ald
f — f " Pmaz
return

Computing a multi-index expansion of a vector. A multi-index expansion of a vector
z € RP up to pP terms is basically the set of coefficients {z®},<,. See Figure [T This is
used in the process of forming a far-field moment contribution of a single reference point in
ACCUMULATEFARFIELDMOMENT and evaluating a local expansion in EVALLOCALEXPANSION.

Figure 17: The multi-index expansion of a 2-D vector x = [z[1],2[2]]T up to 16 terms.

Implementing the far-field moment accumulation (Equation (20))). This is straightforward
given the implementation of the function

MULTIINDEXEXPANSION. Basically, it computes the multi-index of each reference point in the given
reference node and accumulates each contribution and normalizes the sum. See Algorithm

Implementing the far-to-far translation operator (shown in Algorithm [20). This consists of
a doubly-nested for-loop over accumulated far-field moments.

Computing the multivariate Hermite functions. We exploit the fact that the multivariate
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Algorithm 18 MULTIINDEXEXPANSION(z, p, M'): Computes M’ = {xo‘}a<p.
M'[0] «1
for each i =0toi=p” —1do
{Retrieve the multi-index mapping of the current position.}
a < POSITIONTOMULTIINDEX(%, p)
J + the first index of a such that afj] > 1.
{Found a direct ancestor of the multiindex map «.}
o —a, Jdj]<djl-1
{Recursively compute the a-th multi-index component based on o/-th.}
M'[i] +~ M'[MULTIINDEXTOPOSITION(o)] - x[4]

Algorithm 19 ACCUMULATEFARFIELDMOMENT(R): Implements Equation (20)).

{Temporary space that is equal in size to {My(R, R.C)}a<pu-}
!

=0, (pmar)P—1 0
for each r;, € R do

{Add M’ = {(%)a}a@ onto {Ma(R, R.¢)}acpy. .}

T, —R.c /
MULTIINDEXEXPANSION (W,pmam, M )
{Ma(R, R.¢)}a<ppe < {Ma(R, R.C)}a<p,,, + M
fori=0toi= (pmam)D —1do

My (R,R.c) + My(R,R.c) -

Hermite functions is a product of D univariate Hermite functions. Algorithm 2] computes partial
derivatives of the Gaussian kernel evaluated at the given point x along each dimension up to p-th

D
order. hq(x) = [] haja(z) is a simple product of the univariate functions (see Algorithm 22]).
d=1

Evaluating a far-field expansion. Once the functions for computing the Hermite functions
(Algorithm RTland Algorithm[22]), we can implement the function for evaluating a far-field expansion
up to p” terms, as shown in Algorithm 23l The basic structure is one outer-loop over each query
point and the inner loop iterating over each far-field moment. The contribution to each query point
is computed as a dot-product between the far-field moment and the computed Hermite functions
(see Figure [)).

Implementing the far-to-local translation operator. The basic structure of the algorithm
is a doubly nested for-loop, each over the coefficients. The doubly-nested for-loop first translate a
portion of the accumulated far-field moments of R up to p” terms into the local moments. The
final step of the algorithm is to add the translated moments {Lg({(R,T(Q.c,p))})} to the local
moments stored in @, Lg(Q.c, Rp(Q) UR7(Q)). See Algorithm 241

Implementing the direct local accumulation operation. The basic structure is a doubly-

nested for-loop, the outer-loop over the reference points whose moments are to be accumulated as
local moments and the inner loop over the coefficient positions. See Algorithm
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Algorithm 20 TRANSFARTOFAR(R', R): Implements Equation (24]).

, o
{Allocate space for and compute {(Rci ﬁ?'c ) }a <p7m'}

Ci:0,~~~ -,(p'rn,a.r)D71 < 0

’
MULTIINDEX EXPANSION (R\'/C%'C,pmam, C)

for i =0 to i < (pmaz)” do
~ + POSITIONTOMULTIINDEX (%, Prmaz )
for j =0 to j < (Pmaz)” do
a < POSITIONTOMULTIINDEX(, Prmaz )
if o < v then
M,(R,R.c) < M,(R,R.c)+
e Ma(R',R'.c) - C[MULTIINDEXTOPOSITION(y — a)]

Algorithm 21 COMPUTEPARTIALDERIVATIVES(a,p, H): Evaluates the partial derivatives of
e=2*/(2h*) up to (p — 1)-th order at each coordinate of a.
for d=1to D do
H[d)[0] + e~ (ald)?
if p > 1 then
HId][1] + 2 - ad] - e~ (@ldD?
if p > 2 then
fork=1tok=p—2do
H[d|[k+ 1] < 2-a[d] - H[d][k] =2 k- H[d][k — 1]

Implementing the local-to-local translation operator. We direct readers’ attention to the
first step of the algorithm, which retrieves the maximum order among used in local moment ac-
cumulation/translation. Then the algorithm proceeds with a doubly-nested for-loop over the local
moments applies Equation (27)). See Algorithm 26l

Evaluating the local expansion of the given query node. This function (see Algorithm [27])
is consisted of one outer-loop over reference points and the inner-loop over the local moments up
to p” terms, where p is the maximum approximation order used among the reference nodes pruned
via far-to-local and direct local accumulations for Q.
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Algorithm 26 TRANSLOCALTOLOCAL(Q', @): Implements Equation (27]).
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p(—max{ max pp, max
RERD(Q) RERT(Q)
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X <+0 )
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B + PosITIONTOMULTIINDEX(k, p)
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Ls(@-¢, Rp(Q") URT(Q")) « Lp(Q-c, Ro(Q') URT(Q))+
s Le(@ e Ro(Q) URT(Q)) Xp-a
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Algorithm 27 EvVALLOCALEXPANSION(Q): Evaluates the accumulated local expansion of the
given query node Q.

{p is the maximum approximation order used among the reference nodes pruned via far-to-local
and direct local accumulations for Q.}

p(—max{ max pp, max pT}
ReRD(Q) RERT(Q)
Qi

(07
{Temporary space to hold the multi-index expansion of each ( W'C) 3
Xi:0,~~~ prl < O

Q

for each ¢;,, € Q do
z+0

{Compute the multi-index expansion of %Lm—%-<

V2h?

up to p” terms.}

MULTIINDEXEXPANSION (q“\*}%'c . D, X)

fori=0toi=p"” —1do
B + PoOSITIONTOMULTIINDEX(4, p)
242+ Lp(Q.e, Rp(Q) URT(Q)) - 2
G(¢in, Ro(¢i,) U RT(45,)) < G(Gir RD(¢i) URT(65,,)) + 2
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