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Abstract: Coreset is usually a small weighted subset of an input set of items, that provably approx-
imates their loss function for a given set of queries (models, classifiers, hypothesis). That is, the
maximum (worst-case) error over all queries is bounded. To obtain smaller coresets, we suggest a
natural relaxation: coresets whose average error over the given set of queries is bounded. We provide
both deterministic and randomized (generic) algorithms for computing such a coreset for any finite
set of queries. Unlike most corresponding coresets for the worst-case error, the size of the coreset
in this work is independent of both the input size and its Vapnik—Chervonenkis (VC) dimension.
The main technique is to reduce the average-case coreset into the vector summarization problem,
where the goal is to compute a weighted subset of the n input vectors which approximates their
sum. We then suggest the first algorithm for computing this weighted subset in time that is linear
in the input size, for n > 1/¢, where ¢ is the approximation error, improving, e.g., both [[CML'17]
and applications for principal component analysis (PCA) [NIPS’16]. Experimental results show
significant and consistent improvement also in practice. Open source code is provided.

Keywords: coreset; average case analysis; big data; sparsification; dimensionality reduction; approxi-
mation algorithms

1. Introduction

In this paper, we assume that the input is a set P of items, called points. Usually, P is
simply a finite set of # points in R? or other metric space. In the context of PAC (probably
approximately correct) learning [1], or empirical risk minimization [2] it represents the
training set. In supervised learning every point in P may also include its label or class.
We also assume a given function w : P — (0, o0) called weights function that assigns a
“weight” w(p) > 0 for every point p € P. The weights function represents a distribution
of importance over the input points, where the natural choice is uniform distribution,
ie., w(p) = 1/|P| for every p € P. We are also given a (possibly infinite) set X that is
the set of queries [3] which represents candidate models or hypothesis, e.g., neural net-
works [4], SVMs [5] or a set of vectors in R? with tuning parameters as in linear/ridge/lasso
regression [6-8].

In machine learning and PAC-learning in particular, we often seek to compute the
query that best describes our input data P for either prediction, classification, or clustering
tasks. To this end, we define a loss function f : P x X — R that assigns a fitting cost
f(p, x) to every point p € P with respect to a query x € X. For example, it may be a kernel
function [9], a convex function [10], or an inner product. The tuple (P, w, X, f) is called a
query space and represents the input to our problem. In this paper, we wish to approximate
the weighted sum of losses fu, (P, x) = ¥,cp w(p)f(p, x).

Methodology.

Our main tool for approximating the sum of losses above is called a coreset, which is
a (small) weighted subset of the (potentially huge) input data, from which the desired sum
of losses can be recovered in a very fast time, with guarantees on the small induced error;
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see Section 1.2. To compute such a coreset, we utilize the famous Frank-Wolfe algorithm.
However, to compute a coreset in fast time, we first provide a scheme for provably boosting
the running time of the Frank-Wolfe algorithm for our special case, without compromising
its output accuracy; see Section 3.1. We then utilize the boosted version in order to compute
a deterministic coreset in time faster than the state of the art.

1.1. Approximation Techniques for the Sum of Losses

Approximating the loss of a single query via uniform sampling. Suppose that we
wish to approximate the mean f(P,x) = %Zpe p f(p,x) for a specific x in sub-linear
time. Picking a random point p uniformly at random from P would give this result in
expectation as E[f(p, x)] = L,cp f(p, x)/n = f(P,x). By Hoeffding inequality, the mean
f(S,x) = Il?l Ypes f(p, x) of a uniform sample S C P would approximate f(P, x) with high

probability. More precisely, for a given e € (0,1), if the size of the sample is |S| € O(M/e?)
where M = max,cp |f(p,x)| is the maximum absolute value of f, then with constant
probability our approximation error is

errs(x) = |f(P,x) = f(5,%)| <.

e-Sample. Generally, we are interested in such data summarization S of P that approx-
imates every query x € X. An e-sample is a pair (S, u) where S is a subset of P (unlike,
e.g., sketches [11]), and u : S — [0, o0) is its weights function such that the weighted loss
fu(S,x) = Lpes u(p)f(p, x) of the (hopefully small) weighted subset S approximates the
original weighted loss f,, (P, x) [12], i.e.,

Vx € X |fw(P,x) — fu(S,x)| <e. (1)

We usually assume that the input is normalized in the sense that w is a distribution,
and f : P x X — [~1,1]. By defining the pair of vectors fu (P, X) = (L,ep w(p)f(p, X))xex
and fu (S, X) = (Lpes u(p)f(p, x))xex, we can define the error for a single x by err(x) =
| fw(P,x) — fu(S,x)|, and then the error vector for the coreset err(X) = (err(x))yex. We
can rewrite (1) by

lerr(X) o, = lfulP,X) = fulS, )|, < e %)

PAC/DAC learning for approximating the sum of losses for multiple queries. Prob-
ably approximately correct (PAC) randomized constructions generalizes the Hoeffding
inequality above from a single to multiple (usually infinite) queries and returns an e-sample
for a given query space (P,w, X, f) and € (0,1), with probability at least 1 — é. Here, ¢
corresponds to the “probably” part, while “approximately correct” corresponds to ¢ in (2);
see [13,14]. Deterministic approximately correct (DAC) versions of PAC-learning suggest
deterministic construction of e-samples, i.e., the probability of failure of the construction is
6 =0.

As common in machine learning and computer science in general, the main advantage
of deterministic constructions is smaller bounds (in this case, on the size of the resulting
e-sample), and their disadvantage is usually the slower construction time that may be
unavoidable. When the query set X if finite, the Caratheodory theorem [15,16] suggests
a deterministic algorithm that returns a 0-sample (S, u) (i.e., fw(P, X) = fu(S, X)) of size
|S| < |X]|+ 1. Deterministic constructions of e-sample are known for infinite sets of queries
even when the VC-dimension is unbounded [17,18].

Sup-sampling: reducing the sample size via non-uniform sampling. As explained
above, Hoeffding inequality implies an approximation of fy(P,x) by f,(S,x) where
u(p) = 1/|S| and S is a random sample according to w whose size depends on M(f) =

maxpep | f(p, x)|. To reduce the sample size we may thus define g(p, x) = fpx) ¢ {-1,1},

)l
and s(p) = % Now, M(g) = maxuep|g(p, x)| = 1, and by Hoeffding’s in-

equality, the error of approximating ¢s(P, x) via non-uniform random sample of size 1/ ¢
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drawn from s, is . Define T = Y ,cp w(q)|f(q, x)|. Since fu(P,x) = T - gs(P, x), approxi-
mating gs(P, x) up to € error yields an error of €T for f,(p, x). Therefore, the size is reduced
from M(f)/e* to T? /€2 when T? < M(f). Here, we sample |S| = O(T?/¢2) points from P
according to the distribution s, and re-weight the sampled points by u/(p) = m
Unlike traditional PAC-learning, the sample now is non-uniform, and is propor-
tional to s(p), rather than w, as implied by Hoeffding inequality for non-uniform dis-
tributions. For sets of queries we generalize the definition for every p € P to s(p) =

w(p)lf(px)|

SUPeX T wig)f(pa] 25 1N [19], which is especially useful for coresets below.

1.2. Coresets: A Data Summarization Technigue for Approximating the Sum of Losses

Coreset for a given query space (P, w, X, ), in this and many other papers, is a pair
(C,u) that is similar to e-sample in the sense that C C P and u : C — [0, o) is a weights
function. However, the additive error ¢ is now replaced with a multiplicative error 1 L ¢,
i.e., for every x € X we require that, |gw(P, X) — gu(C, X)| < e- gw(P, X). Dividing by
gw(P, X) and assuming g, (P, X) > 0, yields

. M(C/X)
Vxex.‘1—gw(P/x> <e. ©)

Coresets are especially useful for learning big data since an off-line and possibly
inefficient coreset construction for “small data" implies constructions that maintains coreset
for streaming, dynamic (including deletions) and distributed data in parallel. This is via
a simple and easy to implement framework that is sometimes called merge-reduce trees;
see [20,21]. The fact that a coreset approximates every query (and not just the optimal one
for some criterion) implies that we may solve hard optimization problems with non-trivial
and non-convex constraints by running a possibly inefficient algorithm such as exhaustive
search on the coreset, or running existing heuristics numerous times on the small coreset
instead of once on the original data. Similarly, parameter tuning or cross validation can be
applied on a coreset that is computed once for the original data as explained in [22].

An e-coreset for a query space (P, w, X, g) is simply an e-sample for the query space

(P,w, X, f), after defining f(p,x) := gi(f’sz), as explained, e.g., in [19]. By defining the
error for a single x by err’(x) = |1 — gu(C, x)/gw(P, x)| = | fw(P,x) — fu(C,x)| = errs(x),
we obtain an error vector for the coreset err’ (X) = (err’(x))rex. We can then rewrite (3)
asin (2):

|err(X)||, < e

In the case of coresets, the supw(p)f(p,x) = sup w(p)s(p.x) of apoint p € Pis
X

xe xex 8w(P,x)
called sensitivity [14], leverage score (in {; approximations) [23], Lewis weights (in £,

approximations), or simply importance [24].

1.3. Problem Statement: Average Case Analysis for Data Summarization.

Average case analysis (e.g., [25]) was suggested about a decade ago as an alternative
to the (sometimes infamous) worst-case analysis of algorithms in theoretical computer
science. The idea is to replace the analysis for the worst-case input by the average input
(in some sense). Inspired by this idea, a natural variant of (2) and its above implications is
an e-sample that approximates well the average query. We suggest to define an (¢, ||-||)-
sample as

lerr(X) | = [|fu(P, X) = fu(S,X)]| < &, @

which generalizes (2) from ||-||, to any norm, such as the ¢, norm |lerr(X)||,. For example,
for the /5, MSE or Frobenius norm, we obtain
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Y (fo(P,x) = fu(S,%))* <. ()

xeX

A generalization of the Hoeffding Inequality from 1963 with tight bounds was sug-
gested relatively recently for the ¢, norm for any z > 2 and many other norms [26,27].
Here we assume a single query (| X| = 1), a distribution weights function, and a bound on
Sup,cp |f(p, X)| that determines the size of the sample, as in Hoeffding inequality.

A less obvious question, which is the subject of this paper, is how to compute de-
terministic e-samples that satisfies (4), for norms other than the infinity norm. While the
Caratheodory theorem suggests deterministic constructions of 0-samples (for any error
norm) as explained above, our goal is to obtain coreset whose size is smaller or independent
of |X|.

The next question is how to generalize the idea of sup-sampling, i.e., where the
function f is unbounded, for the case of norms other than ||-||,. Our main motivation for
doing so is to obtain new and smaller coresets by combining the notion of e-sample and
sup-sampling or sensitivity as explained above for the |||, case. That is, we wish a coreset
for a given query space, that would bound the non-¢« norm error

|- 5)
gw(P ’ X ) xeX
To summarize, our questions are: How can we smooth the error function and ap-

proximate the “average” query via: (i) Deterministic e-samples (for DAC-learning )? (ii)
Coresets (via sensitivities/sup sampling for non-infinity norms)?

= |ler”’ (X)|| <.

1.4. Our Contribution

We answer affirmably these questions by suggesting e-samples and coresets for the
average query. We focus on the case z = 2, i.e., the Frobenius norm, and finite query set X
and hope that this would inspire the research and applications of other norms and general
sets. For suggestions in this direction and future work see Section 5.2. The main results of
this paper are the following constructions of an (g, ||-||,)-sample (S, 1) for any given finite
query space (P, w, X, f) as defined in (5):

(i) Deterministic construction that returns a coreset of size |S| € O(1/¢?) in time

O(min{nd/e?, nd + dlog(n)?/e*}); see Theorem 2 and Corollary 4.

(ii) Randomized construction that returns such a coreset (of size |S| € O(1/¢?)) with

1
probability at least 1 — J in sub-linear time O (d <log (%)2 + IOggz(E) > ) ; see Lemma 5.

Algorithm. This result is of independent interest for faster and sparser convex op-
timization. To our knowledge, this is also the first application of sensitivity outside the
coreset regime.

1.5. Overview and Organization

The rest of the paper in organized as follows. First in Section 2, we list the applications
of our proposed methods, such as a faster coreset construction algorithm for least mean
squares solver. We also compare our results to the state of the art to justify our practical
contribution.

In Section 3, we first give our notations and relevant mathematical definitions, we
explain the relation between the problem of computing an (¢, ||-||,)-sample (average-case
coreset) to the problem of computing a vector summarization coreset, where the goal (of
the vector summarization coreset problem) is to compute a weighted subset of the n input
vectors which approximates their sum. Here, we suggest a coreset for this problem of size
O(1/¢) in O(nd/¢) time; see Theorem 2 and Algorithm 2. Then, in Section 3.1 we show
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how to improve the running time of this result and compute a coreset of the same size
in O(nd + dlog®(n)/€?) time; see Corollary 4 and Algorithm 3. In addition, we suggest a
non-deterministic coreset of the same size but in time that is independent of the number of
points #; see Lemma 5 and Algorithm 4.

In Section 4, we explain how our vector summarization coreset results can be used
to improve all the previously mentioned applications (from Section 2). In Section 5 we
conduct various experiments on real world datasets, where we apply different coreset
construction algorithms presented in this paper to a variety of applications, in order to
boost their running time, or reduce their memory storage. We also compare our results
to many competing methods. Finally, we conclude our paper and discuss future work at
Section 5.2. Due to space limitations and simplicity of the reading, the proofs of the claims
are placed in the Appendixes A-I.

2. On the Applications of Our Method and the Current State of the Art

In what follows, we will present some of the applications of our theoretical contribu-
tions as well as discussing the current state of the art coreset/sketch methods in terms of
running time for each of application. Figure 1 summarizes the main applications of our
result.

(i) Vector summarization: the goal is to maintain the sum of a (possibly infinite) stream
of vectors in R, up to an additive error of ¢ multiplied by their variance. This is a
generalization of frequent items/directions [28].

As explained in [29], the main real-world application is extractions and compactly
representing groups and activity summaries of users from underlying data exchanges.
For example, GPS traces in mobile networks can be exploited to identify meetings, and
exchanges of information in social networks sheds light on the formation of groups of
friends. Our algorithm tackles these application by providing provable solution to
the heavy hitters problem in proximity matrices. The heavy hitters problem can be
used to extract and represent in a compact way friend groups and activity summaries
of users from underlying data exchanges.

We propose a deterministic algorithm which reduces each subset of 1 vectors into
O(1/¢) weighted vectors in O(nd + dlog(n)?/¢?) time, improving upon the nd/e
of [29] (which is the current state of the art in terms of running time), for a sufficiently
large n; see Corollary 4, and Figures 2 and 3. We also provide a non-deterministic
coreset construction in Lemma 5. The merge-and-reduce tree can then be used to
support streaming, distributed or dynamic data.

(i) Kernel Density Estimates (KDE): by replacing e with &> for the vector summarization,
we obtain fast construction of an e-coreset for KDE of Euclidean kernels [17]; see more
details in Section 4. Kernel density estimate is a technique for estimating a probability
density function (continuous distribution) from a finite set of points to better analyse
the studied probability distribution than when using a traditional [30,31].

(iii) 1-mean problem: a coreset for 1-mean which approximates the sum of squared
distances over a set of 1 points to any given center (point) in R?. This problem arises in
facility location problems (e.g., to compute the optimal location for placing an antenna
such that all the customers are satisfied). Our deterministic construction computes
such a weighted subset of size O(1/€?) in O(min{nd/e* nd + dlog(n)>/e*}) time.
Previous results of [19,32-34] suggested coresets for such problem. Unlike our results,
these works are either non-deterministic, the coreset is not a subset of the input, or
the size of the coreset is linear in d.

(iv) Coreset for LMS solvers and dimensionality reduction: for example, a deterministic
construction for singular value decomposition (SVD) that gets a matrix A € R"*4
and returns a weighted subset of k? /&2 rows, such that their weighted distance to any
k-dimensional non-affine (or affine in the case of PCA) subspace approximates the
distance of the original points to this subspace. The SVD and PCA are very common
algorithms (see [35]), and can be used for noise reduction, data visualization, cluster
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analysis, or as an intermediate step to facilitate other analyses. Thus, improving
them might be helpful for a wide range of real-world applications. In this paper,
we propose a deterministic coreset construction that takes O(nd? + d?k*log(n)? /&%)
time, improving upon the state of the art result of [35] which requires O(nd?k?/?)
time; see Table 1. Many non-deterministic coresets constructions were suggested for
those problems, the construction techniques apply non-uniform sampling [36-38],
Monte-Carlo sampling [39], and leverage score sampling [23,40-45].

Table 1. Known deterministic subset coresets for LMS solvers. Our result has the fastest running
time for sufficiently large n and d.

Error Size Time Citation Notes
€ O(k?/€%) O(nd*k?/&?) [35] N/A
€ O(d/e?) poly(n,d,e) [46] inefficient for large n
0 O(d?) O(nd? +log(n)poly(d)) [22] inefficient for large d
€ O(k/€%) poly(n,d, k, ) [47] inefficient for large n
€ O(k?/€?)  O(nd?*+log(n)*d’k*/*) * N/A

3. Vector Summarization Coreset

Notation 1. We denote by [n] = {1,--- ,n}. For a vector v € R¥, the 0-norm is denoted by
[vllg and is equal to the number of non-zero entries in v. We denote by e(; the ith standard basis
vector in R and by 0 the vector (0,---,0)T € R™. A vector w € [0,1]" is called a distribution
vector if all its entries are non-negative and sums up to one. For a matrix A € R™" and
i € [m],j € [n] we denote by A;; the jth entry of the ith row of A. A weighted set is a pair
(Q,m) where Q = {q1, -+ ,qn} C R is a set of n points, and m = (my,--- ,my)T € R"isa
weights vector that assigns every q; € Q a weight m; € R. A matrix A € R4 > js orthogonal if
ATA =1 eR¥,

Adaptations. To adapt to the notation of the following sections and the query space
(P,w, X, f) to the techniques that we use, we restate (4) as follows. Previously, we denote
the queries X = {xq,---, x4}, and the input set by P = {p1,---, pn}. Now, each input
point p; in the input set P corresponds to a point g; = (f(p;,x1), -+, f(pi,x1)) € RY,
i.e., each entry of q; equals to f(p;, x) for a different query x. Throughout the rest of
the paper, for technical reason and simplicity, we might alternate between the weights
function notation and a weights vector notation. In such cases, the weights function
w : P — [0,00) and weight w(q;) of q;, i € [m] are replaced by a vector of weights
m = (my,---,my) € [0,00)" and m;, respectively, and vice versa. In such cases, the e-
sample is represented by a sparse vector u € [0,00) where S = {p; € P | u; > 0,i € [n]}is
the chosen subset of P.

Hence, fu(P,X) = Lpepw(p)(f(p,x1), -, f(p,xa)) = LiLy miqi, and fu(S,X) =
Yo Uidi-

From (¢, ||-||,)-samples to e-coresets. We now define an e-coreset for vector summa-
rization, which is a re-weighting of the input weighted set (Q, m) by a new weights vector
u, such that the squared norm of the difference between the weighted means of (Q, u) and
(Q,m) is small. This relates to Section 1.3, where an (/¢ ||-||,)-sample there (in Section 1.3)
is an e-coreset for the vector summarization here.

Definition 1 (vector summarization e-coreset). Let (Q,m) and (Q,u) be two weighted sets
. . . . 2
of n points in RY, and let e € [0,1). Let p = ¥, H:Zi\lllqi' o=y, HZ:—thqi —u||*, and

p=Yr, HL‘—‘ihqi. Then (Q, u) is a vector summarization e-coreset for (Q,m) if |fi — p||5 < eo?.

Analysis flow. In what follows we (first) assume that the points of our input set P lie
inside the unit ball (Vcp : ||p|| < 1). For such an input set, we present a construction of a
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Strong e-coreset for PCA

P [l []]

n XI{:I +1)

J

i

Strong £-coreset for SVD

variant of a vector summarization coreset, where the error is € and does not depend on the
variance of the input. This construction is based on the Frank-Wolfe algorithm [48]; see
Theorem 1 and Algorithm 1. This is by reducing the problem to the problem of maximizing
a concave function f(x) over every vector in the unit simplex. Such problems can be solved
approximately by a simple greedy algorithm known as the Frank-Wolfe algorithm.

Algorithm 1: FRANK-WOLFE( f, K); Algorithm 1.1 of [48]

1: Input: A concave function f : R” — R, and the number of iterations K.

2: Output: A vector x € R" that satisfies Theorem 1.

3: x(g) := the unit n-simplex vertex with largest f value.
4 fork € {0,--- ,K} do
5.
6

i’ = argmax; Vf(x());

o = argmaxf(x(k) + 06(6(1'/) - x(k)))
(Y

X(k1) += X & (er) = X))

8: end for

9: Return X(k+1)

N

We then present a proper coreset construction in Algorithm 2 and Theorem 2 for a
general input set Q in RY. This algorithm is based on a reduction to the simpler case of
points inside the unit ball; see Figure 1 for illustration. This reduction is inspired by the
sup-sampling (see Section 1), there (in Section 1) the functions are normalized (to obtain
values in [—1, 1]) and reweighted (to obtain a non-biased estimator), then the bounds were
easily obtained using the Hoeffding inequality. Here, we apply different normalizations
and reweightings, and instead of the non-deterministic Hoeffding inequality, we suggest a
deterministic version using the Frank-Wolfe algorithm. Our new suggested normalizations
(and reweightings) allow us to generalize the result to many more applications as in
Section 4.

£-coreset for Vector Summarization £-coreset for 1-mean e-coreset for KDEs
©-¢--0---mmn e
[l : W] )
e [e2 Je
: Coreset Fast-Frank-Wolfe-Coreset
P

Frank-Wolfe Algorithm

P=U DV

nxd nxn nxd dxd

Z * 8 Normalize
/ in higher
k d\men sion

=5 Pre =

:
u; € R™M| process ng |uj € R™ e pm*

fatten(uf") \ F%

3D

Figure 1. Illustration of Algorithm 2, its normalization of the input, its main applications (red boxes) and their plugged

parameters. Algorithm 2 utilizes and boosts the run-time of the Frank-Wolfe algorithm for those applications; see Section 1.4.

For brevity purposes, all proofs of the technical results can be found at the Appendixes A-L.

Theorem 1 (Coreset for points in the unit ball). Let P = {py,- -, pn} be a set of n points in
R? such that ||p;|| < 1 for everyi € [n]. Lete € (0,1) and w = (wy,--- ,wy)T € [0,1]" be
a distribution vector. For every x = (x1,+ -+ ,xn)! € R", define f(x) = —Hzl (i — x)pil
Let il be the output of a call to FRANK-WOLFE(f, [8]); see Algorithm 1. Then:

(i) il is a distribution vector with ||ii||, < [¥],

(i) |y (i~ d)pl* < e and
(iii) 1; is computed in O (”7”1) time.
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We now show how to obtain a vector summarization e-coreset of size O(1/¢) in O( HT)
time for any set P C R

Theorem 2 (Vector summarization coreset). Let (Q,m) be a weighted set of n points in R,

e € (0,1), and let u be the output of a call to CORESET(Q, m, {7 ); see Algorithm 2. Then, u € R"

is a vector with ||ul|, < 128 non-zero entries that is computed in O ("2 4) time, and (Q, u) is a vector

summarization e-coreset for (Q,m).

Algorithm 2: CORESET(Q, m, €)

1: Input: A weigthed set (Q, m) of n > 2 points in R? and an error parameter
€(0,1).
2: Output: A weight vector u € [0,00)" with O(1/¢) non-zero entries that satisfies
Theorem 2.

3 w:i= 2
[lm[4

4 o 1= YL Wig;
5 0 = /S0y il — p?
6: foreveryie {1,---,n} do

pi = @
1
8 pli= ||( || 1)” {Notice: ||p}|| <1}
,_wlel |

10: end for
11: Compute a sparse vector 1’ with O(1/¢) non-zero entries, such that

| (0] = )i < e

{E.g., usmg Algorlthm 1 (see Theorem 1).}

2u! )
12: u; = ||ml|; - ﬁ foreveryie {1,---,n}
IpE 1)l

13: Return u

3.1. Boosting the Coreset’s Construction Running Time

In this section, we present Algorithm 3, which aims to boost the running time of
Algorithm 1 from the previous section; see Theorem 3. The main idea behind this new
boosted algorithm is as follows: instead of running the Frank-Wolfe algorithm on a (full)
set of input data, it can be more efficient to partition the input into a constant number k
of equal-sized chunks, pick some representative for each chunk (its mean), run the Frank-
Wolfe algorithm only on the set of representatives (the set of means) to obtain back a
subset of those representative, and then continue recursively only with the chunks whose
representative was chosen by the algorithm. Although the Frank-Wolfe algorithm is now
applied multiple times (rather than once), each of those runs is much more efficient since
only the small set of representatives is considered.

This immediately implies a faster construction time of vector summarization e-coresets
for general input sets; see Corollary 4 and Figure 1 for illustration.

Theorem 3 (Faster coreset for points in the unit ball). Let P be a set of n points in R? such that
[pll <1 forevery p € P. Let w : P — (0,1) be a weights function such that },cpw(p) = 1,
e € (0,1), and let (C, u) be the output of a call to FAST-FW-CORESET(P, w, €); see Algorithm 3.
Then

(i) IC| <8/eand Y ,ccu(p) =1,
2
(ii) HZpep w(p)p — Lpec u(P)PH < 2¢, and
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2
(iii) (C,u) is computed in O (nd + dlofz(n)) time.

Corollary 4 (Faster vector summarization coreset). Let (Q,m) be a weighted set of n points
2
inRY, and let ¢ € (0,1). Then in O(nd +d- k’ge(z")> time, we can compute a vector u =

(w1, ,un)T € R", such that u has ||ul|, < 128/& non-zero entries and (Q,u) is a vector
summarization (2¢)-coreset for (Q,m).

Algorithm 3: FAST-FW-CORESET(P, w, ¢)

1: Input: A weighed set (P, w) of n > 2 points in R? and an error parameter
e€(0,1).

Output: A pair (C, u) that satisfies Theorem 3

k.= 2los(n)

if |P| Ssk then
Return: A vector summarization e-corset for (P, w) using Theorem 1.
end if
{Py,- -, Pt} := a partition of P into k disjoint subsets, each contains at most
[n/k] points.
8: foreveryie {1,---,k} do
1

9: = = w(p) - p {The weighted mean of P;}
H= o) pg (p)-p g ;
10: w'(pi) == Lpep w(p)
11: end for
€

12: (fi, 1) := a vector summarization (1—)—corset for the weighted set
og(n)

({m1,- -+, px}, w') using Theorem 1.
13: C:= U P; {C is the union over all subsets P; whose mean y;; was chosen in fi.}
Hi€
14: forevery y; € fiand p € P; do
a(pi)w(p)
15: u = =
16: end for
17: (C,u) := FAST-FW-CORESET(C, 1, €)
18: Return: (C, u)

In what follows, we show how to compute a vector summarization coreset with
high probability in a time that is sublinear in the input size |Q| = n. This is based on
the geometric median trick, that suggests the following procedure: (i) sample k > 1 sets
{S1,--+, S} of the same (small) size from the original input set Q, (ii) for each such
sampled set S; (i € [k]), compute its mean 5;, and finally, (iii) compute and return the
geometric median of those means 5 = {51, - - - , 5 }. This geometric median is guaranteed
to approximate the mean of the original input set Q.

We show that there is no need to compute this geometric median, as it is a difficult
computational task. We prove that there exists a set S;+ from the sampled subsets such that
its mean 5;« is very close to this geometric median, with high probability. Thus, 5;- is a good
approximation to the desired mean of the original input set. Furthermore, we show that 5;
is simply the point in s that minimizes its sum of (non-squared) distances to this set 5, i.e.,
i* € arg min]-6 K Zf»‘zl ||§i —5; || o An exhaustive search over the points of s can thus recover
5i+. The corresponding set S;« is the resulted vector summarization coreset; see Lemma 5
and Algorithm 4.

Lemma 5 (Fast probabilistic vector summarization coreset). Let Q be a set of n points in RY,
p=3%Ypepq and 0> = L ¥ ,cpllg — ul|%. Lete € (0,1), 5 € (0,0.9], and let S C R? be the
output of a call to PROB-WEAK-CORESET(Q, ¢, ), see Algorithm 4. Then:
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(i) SCQand|S| =%,

2
(ii) ~ with probability at least 1 — 36 we have “1—‘ YpesP — pLH < 33-¢e0?, and

€

S
1
(iii) S is computed in O (d log (%)2 + ””Og(zs)) time.

Algorithm 4: PROB-WEAK-CORESET(Q, ¢, )

1: Input: A set Q of n > 2 points in R ee (0,1),and 6 € (0,1).
2: Output: A subset S C P that satisfies Lemma 5.
3 k:=[3.5log (%)J +1.
4: S := anii.d sample of size 4—€k.
5. {S1,---, Sk} := a partition of S into k disjoint subsets, each contains % points .
6: 5; := the mean of the i’th subset S; for i € [k].
P . k (= =
7. ¥ = arg min; ¢ Y1 ’si — SJ'HZ’
8: Return S;+

4. Applications

Coreset for 1-mean. A 1-mean e-coreset for (Q,m) is a weighted set (Q, u) such
that for every x € R?, the sum of squared distances from x to either (Q,m) or (Q, u), is
approximately the same. To maintain the above property, we prove that it suffices for (Q, u)
to satisfy the following: the mean, the variance, and the sum of weights of (Q, ) should
approximate the mean, the variance, and the sum of weights of (Q, m), respectively, up to
an additive error that depends linearly on e. Then note that when plugging ¢? (rather than
¢) as input to Algorithm 2, the output is guaranteed to satisfy the above 3 properties, by
construction of u.

The following theorem computes a 1-mean e-coreset.

Theorem 6. Let (Q,m) be a weighted set of n points in R?, e € (0,1). Then in

2
O(min{nd +d- log(4n) , n;l})
€ €

time we can compute a vector u = (u1,- - ,un)! € R", where ||ul|, < %, such that:

Vr e R : (m; —u;)||g; — x|

i=1

n
<e Y milqi—x|*.
i=1

Coreset for KDE. Given two sets of points Q and Q’, and a kernel K : RY x RY — R
that is defined by the kernel map ¢, the maximal difference

K(x,q) K(x,q")
sl Tlof ~ L

xeR?|g€Q deo Q]

between the kernel costs of Q and Q' is upper bounded by H Ho— ey

}g are the means of Q=1{¢p@|9€Qtand Q" = {¢(q) | g € Q'}, respectively, [49].
2

hi .
) where i and

Given (), we can compute a vector summarization e*-coreset Q’, which satisfies that

o

Coreset for dimensionality reduction and LMS solvers. An e-coreset for the k-SVD
(k-PCA) problem of Q is a small weighted subset of Q that approximates the sum of squared
distances from the points in Q to every non-affine (affine) k-dimensional subspace of R¢,

2
) < ¢2. By the above argument, this is also an e-KDE coreset.
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up to a multiplicative factor of 1 & ¢; see Corollary 7. Coreset for LMS solvers is the special
caseof k = d — 1.

In [35], it is shown how to leverage an (&/ k)?-coreset for the vector summarization
problem in order to compute an e-coreset for k-SVD. In [45], it is shown how to compute
a coreset for k-PCA via a coreset for k-SVD, by simply adding another entry with some
value r € R to each vector of the input. Algorithm 5 combines both the above reductions,
along with a computation of a vector summarization (e/k)?-coreset to compute the desired
coreset for dimensionality reduction (both k-SVD and k-PCA). To compute the vector
summarization coreset we utilize our new algorithms from the previous sections, which
are faster than the state of the art algorithms.

Algorithm 5: DIM-CORESET(A, k, €)

1: Input: A matrix A € R"*%, an integer k € [d], and an error parameter ¢ € (0,1).
2: Output: A diagonal matrix W € R"*" that satisfies Corollary 7.

2
o)
et

3: r:= 1+ max where 4; is the ith row of A}

i€n]

4 UL,V :=thefullSVDof [A | (r,---,r)T] € R®*(d+])

e o1 UikeaZidgernd ;
5. v = <U1,1, Uik, [ ) for every i € [n]

6: 0;:= the row stacking of v;0] € R for every i € [n]
7. ({01, ,Un},u) := a vector summarization (£ )-coreset for
( Z)Nll Tt /U~n}/ (1/ T /1))

8: W := a diagonal matrix in R"*", where W;; = \/u;, Vi € [n].
9: Return W

Corollary 7 (Coreset for dimensionality reduction). Let Q be a set of n points in R?, and let
A € R"™ be q corresponding matrix containing the points of Q in its rows. Let ¢ € (0, %) be an
error parameter, k € [d] be an integer, and W be the output of a call to DIM-CORESET (A, k, €).
Then:

(i) W is a diagonal matrix with O ( g) non-zero entries,
2 214
(ii) W is computed in O (min{nd2 + '“Ogg#, %227‘2 }) time, and

(iii) there is a constant c, such that for every £ € R? and an orthogonal X € R4*(@-F)

we have

‘1_ IW(A - OX]|
I(4- x|

Here, A — { is the subtraction of ¢ from every row of A.

Where do our methods fit in? Theoretically speaking, the 1-mean problem (also
known as the arithmetic mean problem), is a widely used tool for reporting central ten-
dencies in the field of statistics, as it is also used in machine learning. As for the practical
aspect of such problem, it can be either used to obtain an estimation of the mathematical
expectation of signal strength in a area [50], or as an imputation technique used to fill
in missing values, e.g., in the context of filling in missing values of heart monitor sensor
data [51]. Note that a variant of this problem is widely used in the context of deep learn-
ing, namely, the moving averages. Algorithms 3 and 4 can boost such methods when
given large-scale datasets. In addition, our algorithms extend also to SVD, PCA, and
LMS where these methods are known for their usages and efficiencies in discovering a
low dimensional representation of high dimensional data. From a practical point of view,
SVD showed promising results when dealing with on calibration of a star sensor on-orbit
calibration [52], denoising a 4-dimensional computed tomography of the brain in stroke
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patients [53], removal of cardiac interference from trunk electromyogram [54], among many
other applications.

We propose a summarization technique (see Algorithm 5) that aims to compute
an approximation towards the SVD factorization of large-scale datasets where applying
the SVD factorization on the dataset is not possible due to insufficient memory or long
computational time.

5. Experimental Results

We now apply different coreset construction algorithms presented in this paper to
a variety of applications, in order to boost their running time, or reduce their memory
storage. We note that a complete open source code is provided [55].

Software/Hardware. The algorithms were implemented in Python 3.6 [56] using
“Numpy” [57]. Tests were conducted on a PC with Intel i9-7960X CPU @2.80 GHz x 32 and
128 Gb RAM.

We compare the following algorithms: (To simply distinguish between our algo-
rithms and the competing ones in the graphs, observe that the labels of our algorithms
starts with the prefix “Our-", while the competing methods do not.)

(i) Uniform: Uniform random sample of the input Q, which requires sublinear time to
compute.

(ii) Sensitivity-sum: Random sampling based on the “sensitivity” for the vector sum-
marization problem [58]. Sensitivity sampling is a widely known technique [19],
which guarantees that a subsample of sufficient size approximates the input well. The

2
sensitivity of a point g € Qis 1 + Zuqi‘}\q’\lz This algorithm takes O(nd) time.
q'€Q

(ii) ICML17: The vector summarization coreset construction algorithm from [29] (see
Algorithm 2 there), which runs in O(nd/¢) time.

(iv) Our-rand-sum: Our coreset construction from Lemma 5, which requires

1
O(d log (%)2 + dloi(")> time.

(v) Our-slow-sum: Our coreset construction from Corollary 2, which requires O(nd/¢)
time.

(vi) Our-fast-sum: Our coreset construction from Corollary 4, which requires O(nd +
dlog(n)?/€?) time.

(vii) Sensitivity-svd: Similar to Sensitivity-sumabove, however, now the sensitivity
is computed by projecting the rows of the input matrix A on the optimal k-subspace
(or an approximation of it) that minimizes its sum of squared distances to the rows
of A, and then computing the sensitivity of each row i in the projected matrix A’ as
||ut; Hz, where 1; is the ith row the matrix U from the SVD of A’ = UDVT; see [37].
This takes O(ndk) time.

(viii) NIPS16: The coreset construction algorithm from [35] (see Algorithm 2 there) which
requires O(nd?k?/€?) time.

(ix) Our-slow-svd: Corollary 7 offers a coreset construction for SVD using Algorithm 5,
which utilizes Algorithm 2. However, Algorithm 2 either utilizes Algorithm 1 (see
Theorem 2) or Algorithm 3 (see Theorem 4). Our-slow-svd applies the former option,
which requires O (nd?k?/€2)) time.

(x) Our-fast-svd: Corollary 7 offers a coreset construction for SVD using Algorithm 5,
which utilizes Algorithm 2. However, Algorithm 2 either utilizes Algorithm 1 (see
Theorem 2) or Algorithm 3 (see Theorem 4). Our-fast-svd uses the latter option,
which requires O(nd? + d? log(n)%k*/&*) time.

Datasets. We used the following datasets from the UCI ML library [59]:

(i) New York City Taxi Data [60]. The data covers the taxi operations at New York City.
We used the data describing n = 14.7M trip fares at the year of 2013. We used the
d = 6 numerical features (real numbers).
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(i) US Census Data (1990) [61]. The dataset contains n = 2.4M entries. We used the
entire d = 68 real-valued attributes of the dataset.

(iii) Buzz in social media Data Set [62]. It contains n = 0.5M examples of buzz events
from two different social networks: Twitter, and Tom’s Hardware. We used the entire
d = 77 real-valued attributes.

(iv) Gas Sensors for Home Activity Monitoring Data Set [63]. This dataset has n = 919,438
recordings of a gas sensor array composed of 8 MOX gas sensors, and a temperature
and humidity sensor. We used the last d = 10 real-valued attributes of the dataset.

Discussion regarding the chosen datasets. The Buzz in social media data set is
widely used in the context of Principal Component Regression (or, PCR in short), that is
used for estimating the unknown regression coefficients in a standard linear regression
model. The goal of PCR in the context of this dataset, is to predict popularity of a certain
topic on Twitter over a period. It is known that the solution of the PCR problem can be
approximated using the known SVD decomposition problem. Our techniques enable us to
benefit from the coreset advantages, e.g., to boost the PCR approximated solution (PCA)
while using low memory, and supporting the streaming model by maintaining a coreset
for the data (tweets) seen so far; each time a new point (tweet) is received, it is added to
current stored coreset in memory. Once the stored coreset is large enough, our compression
(coreset construction algorithm) is applied. This procedure is repeated until the stream of
points is empty.

The New York City taxi data contains information about the locations of passengers
as well as the locations of their destinations. Thus, the goal is to find a location which is
close to the most wanted destinations. This problem can be formulated as a facility location
problem, which can be reduced to an instance of the 1-mean problem. Hence, since our
methods admit faster solution as well as provable approximation for the facility location
problem, we can leverage our coreset to speed up the computations using this dataset.

Finally, regarding the remaining datasets, PCA has been widely used either for low-
dimensional embedding or, e.g., to compute the arithmetic mean. By using our methods,
we can boost the PCA while admitting an approximated solution.

The experiments.

(i) Vector summarization: The goal is to approximate the mean of a huge input set,

using only a small weighted subset of the input. The empirical approximation error is
defined as ||t — jis||, where j is the mean of the full data and ji, is the mean of the
weighted subset computed via each compared algorithm; see Figures 2 and 3.
In Figure 2, we report the empirical approximation error || — ys||* as a function of
the subset (coreset) size, for each of the datasets (i)—(ii), while in Figure 3 we report
the overall computational time for computing the subset (coreset) and for solving the
1-mean problem on the coreset, as a function of the subset size.

(ii) k-SVD: The goal is to compute the optimal k-dimensional non-affine subspaces of
a given input set. We can either compute the optimal subspace using the original
(full) input set, or using a weighted subset (coreset) of the input. We denote by 5*
and S’ the optimal subspace when computed either using the full data or using the
subset at hand, respectively. The empirical approximation error is defined as the ratio
|(c* —c’)/c*|, where ¢* and ¢’ are the sum of squared distances between the points
of original input set to S* and §’, respectively; see Figures 4—6. Intuitively, this ratio
represents the relative SSD error of recovering an optimal k-dimensional non-affine
subspace on the compression, rather than using the full data.

In Figure 4 we report the empirical error |(c* — ¢’)/c*| as a function of the coreset
size. In Figure 5 we report the overall computational time in took to compute the
coreset and to recover the optimal subspace using the coreset, as a function of the
coreset size. In both figures we have three subfigures, each one for a different chosen
value of k (the dimension of the subspace). Finally, in Figure 6 the x axis is the size
of the dataset (which we compress to a subset of size 150), while the y-axis is the
approximation error on the left hand side graph, and on the right hand side it is the
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5.1. Discussion

Vector summarization experiment: As predicted by the theory and as demonstrated
in Figures 2 and 3, our fast and deterministic algorithm Qur-fast-sum (the red line in the
figures) achieves either the same or smaller approximation errors in most cases compared
to the deterministic alternatives Our-slow-sum (orange line) and ICML17 (green line), while
being up to x 10 times faster. Hence, when we seek a fast time deterministic solution for
computing a coreset for the vector summarization problem, our algorithm Our-fast-sum
is the favorable choice.

Compared to the randomized alternatives, Our-fast-sum is obviously slower, but
achieves an error more than 3 orders of magnitude smaller. However, our fast and random-
ized algorithm Our-rand-sum (brown line) constantly achieves better results compared
to the other randomized alternatives; It yields approximation error up to x50 smaller,
while maintaining the same computational time. This is demonstrated on both datasets.
Hence, our compression can be used to speed up tasks, e.g., computing the PCA or PCR, as
described above.

k-SVD experiment: Here, in Figures 4-6 we witness a similar phenomena, where our
fast and deterministic algorithm Our-fast-svd achieves the same or smaller approximation
errors compared to the deterministic alternatives Our-slow-svd and NIPS16, respectively,
while being up to x4 times faster. Compared to the randomized alternatives, Qur-fast-svd
is slower as predicted, but achieves an error up to 2 orders of magnitude smaller. This is
demonstrated for increasing sample sizes (as in Figures 4 and 5), for increasing dataset size
(as in Figure 6), and for various values of k (see Figures 4-6).
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5.2. Conclusions and Future Work

This paper generalizes the definition of e-sample and coreset from the worst case
error over every query to average ¢, error. We then showed a reduction from the problem
of computing such coresets to the vector summarization coreset construction problem.
Here, we suggest deterministic and randomized algorithms for computing such coresets,
the deterministic version takes O(min{nd/¢, nd 4+ dlog(n)?/¢*}), and the randomized
O(dlog (%)2 + dl%(%) ). Finally, we showed how to leverage an (&?)-coreset for the vector
summarization problem in order to compute an e-coreset for the 1-mean problem, and
similarly for k-SVD and k-PCA problem via computing an (¢/k)? vector summarization
coreset after some reprocessing on the data.

Open problems include generalizing these results for other types of norms, or other
functions such as M-estimators that are robust to outliers. We hope that the source code
and the promising experimental results would encourage also practitioners to use these
new types of approximations. Normalization via this new sensitivity type reduced the
bounds on the number of iterations of the Frank—-Wolfe algorithm by orders of magnitude.
We believe that it can be used more generally for provably faster convex optimization,

independently of coresets or e-samples. We leave this for future research.
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Appendix A. Problem Reduction for Vector Summarization e-Coresets

First, we define a normalized weighted set, which is simply a set which satisfies three
properties: weights sum to one, zero mean, and unit variance.

Definition A1 (Normalized weighted set). A normalized weighted set is a weighted set (P, w)
where P = {py,--+ ,pn} CRY and w = (wy,--- ,wy)T € R" satisfy the following properties:
(a)  Weights sum to one: Y/ ; w; =1,

(b)  The weighted sum is the origin: Y/ w;p; = 0, and

(c)  Unit variance: } ;' 4 wi|pil* = 1.

Appendix A.1. Reduction to Normalized Weighted Set

In this section, we argue that in order to compute a vector summarization e-coreset for
an input weighted set (Q, m), it suffices to compute a vector summarization e-coreset for its
corresponding normalized (and much simpler) weighted set (P, w) as in Definition A1; see
Corollary Al. However, first, in Observation A1, we show how to compute a corresponding
normalized weighted set (P, w) for any input weighted set (Q, m).

Observation A1. Let Q = {q1,- - ,qu} beasetof n > 2 pointsin R, m € (0,00)", w € (0,1]"
be a distribution vector such that w = ﬁ, =3y wiq;and o = \/Z?:l w;l\q;i — p||> Let

P={p1,---,pn} beaset of n points in R?, such that for every j € [n] we have pj = @ Then,
(P, w) is the corresponding normalized weighted set of (Q, m), i.e., (i)—(iii) hold as follows:
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i Yawi=1
(i) Y/ ,wip;=0,and

(i) Yy wil|pill” = 1

Proof. ,
Y w; = 1, immediately holds by the definition of w.
i=1

n ql 1 n n
ZwiPiZZwi' =5 Zwi%_zwiﬂ
- i=1 i=1 i=1

1 4 1 &
== y—l;wiy = 1—;wi =0,

where the first equality holds by the definition of p;, the third holds by the definition of y,
and the last is since w is a distribution vector.

n 5 n i — 2 1 2 )
y wilpl? = Yo | B = % - ol
i=1 i=1 i=1

2
im1 willgi — pllI”

2
i1 willgi — pl]

where the first and third equality hold by the definition of p; and o, respectively. O

Corollary Al. Let (Q,m) be a weighted set, and let (P,w) be its corresponding normalized
weighted set as computed in Observation Al. Let (P, u) be a vector summarization e-coreset for
(P,w) and let u' = ||m||; - u. Then (Q, u") is a vector summarization e-coreset for (Q,m).

Proof. Put x € R? and let y = “-£. Now, for every j € [n], we have that

lg; — x||* = |lop; + 1 — (cy + w)|*
= |jop; — oy (A1)
=o?||p; —ylI%

where the first equality is by the definition of y and p;.
Let (P,u) be a vector summarization e-coreset for (P, w). We prove that (Q,u’) is a
vector summarization e-coreset for (Q, m). We observe the following

2 2
anul - L e
n . 2
1
= || (w; )(pio + 1)
= [l
) (A2)
S ST ) P
S flull = lull
2
n
u
= || 2 (w; =) (pio) eo”
L= ) (7
— mu
where the first equality holds since w = I H1 and H”’H1 = alul; = HMH , the second holds

by (A1), and the last inequality holds since (P, u) is a vector summarization ¢-coreset for
(P,w). O
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Appendix A.2. Vector Summarization Problem Reduction

Given a normalized weighted set (P, w) as in Definition A1, in the following lemma
we prove that a weighted set (P, u) is a vector summarization e-coreset for the normalized
weighted set (P, w) if and only if the squared ¢, norm of the weighted mean of (P, u) is
smaller than e.

Lemma A2. Let (P,w) be a normalized weighted set of n points in R?, ¢ € (0,1), and u € R"
be a weight vector. Let p = Y1 4 H;,Uifhpi, s=Y", H;‘—‘ihpi, and 02 = ||p; — B||*. Then, (P, u) is a

vector summarization e-coreset for (P, w), i.e., |f — 5||* < e 2, w;o? if and only if ||5]]* < .
Proof. The proof holds since (P, w) is a normalized wighted set, i.e., p = 0, and =1 O

Appendix B. Frank—-Wolfe Theorem

Here, for completeness we state the Frank-Wolfe Theorem [48]. This theorem will be
used in the proof of Theorem 1 that shows how to compute a variant of vector summariza-
tion coreset for points inside the unit ball.

To do so, we consider the measure Cy defined in [48]; see equality (9) in Section 2.2.
For a simplex S and concave function f, the quantity Cy is defined as

Cy = sup 5 (F(x) + (y ~ )TV F(x) - £(¥)), (A3)

where the supremum is over every x and z in S, and over every « so that y = x + a(z — x)
is also in S. The set of such « includes [0, 1], but a can also be negative.

Theorem A3 (Theorem 2.2 from [48]). For simplex S and concave function f, Algorithm 1
(Algorithm 1.1 from [48]) finds a point x iy on a k-dimensional face of S such that

f(x*)*f(x(k))< 1
4Cf ~ k43

for k > 0, where f(xx) is the optimal value of f.

Appendix C. Proof of Theorem 1

Proof of Theorem 1. Let C¢ be defined for f and S as in (A3), and let f(x*) be the maxi-

mum value of f in S. Based on Theorem A3 we have:

1. i isa pointon a [¥]-dimensional face of S, i.e., ||ill, < [%],u € S C [0,1]" and
Y.' 4 11 = 1. Hence, claim (i) of this theorem is satisfied.

FO)=f(x)
2. TU()Sﬁ,foreveryke{(),...,g”_

Since f(x) < 0 for every x € S, we have that,
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Define A to be the matrix of d x n such that the i-th column of A is the i-th point in P,
and let y =)' ; w;p;. We get that

2

2 n
flx)=- :Hl";xipi

n
Y (wi —x;)pi
i

2 (A4)

n
— |l + 26T (Y xips) —
i—1

1

n
Y xip;
i=1

2 2 2
~llpll* +2pT Ax — | Ax[|* = —[p||* + 26T ATp — xT AT Ax,

where the second equality holds by the definition of y, and the fourth equality holds by
since )" ; x;p; = Ax for every x € R".
At Section 2.2. in [48], it was shown that for any quadratic function f’ : R” — R that
is defined as
f'(x) =a+xTb 4+ xTMx, (A5)

where M is a negative semidefinite n X n matrix, b € R" is a vector, and a € R, we have that
Cp < diam(A'S)?, where A’ € R¥*" is a matrix that satisfies M = AT A’; see equality (12)
at [48].

Hence, plugging a = —||u||*, b = 2ATu, and M = AT A in (A5) yields that for the
function f we have Cy < diam(AS)?, and

diam(AS)?> = sup |la —b||3 = sup ||Ax — Ay|)3.
a,beAS X,y€S

Observe that x and y are distribution vectors, thus

sup || Ax — Ay||% = sup||pi — pj|>
x,y€S ij

Since ||p;|| < 1foreachi € [n], we have that

sup||pi — pjl; < 2.
i)

By substituting C; < 2,k = 8/¢, f(x(y) = £(7) = — || Ty (w; — @) pil|%, and f(x*) =
01in (2) we get that,

12, (w; — 1) pi|? <1
8 ~ 8/e+3

(A6)

Multiplying both sides of the inequality by 8 and rearranging prove Theorem (ii) as

2
8 8
< < — = ¢
=8/e+3 "8/ °© (A7)

Running time: We have K = [%W iterations in Algorithm 1, where each iteration

takes O(nd) time, since the gradient of f based on the vector x = (x1,---,x,)T € S'is

n
—2AT Y (w; — x;)p;. This term is the multiplication between an a matrix in R™*4 and
i=1

a vector in RY, which takes O(nd) time. Hence, the running time of the Algorithm is
o(4). O
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Appendix D. Proof of Theorem 2

Proof of Theorem 2. Let (P,w) be the normalized weighted set that is computed at
Lines 3-5 of Algorithm 2 where P = {p1,---,pn}, and let i = W We show that
(P, i) is a vector summarization e-coreset for (P,w), then by Corrolary Al we get that
(Q, u) is a vector summarization e-coreset for (Q,m). For every i € [n] let w/,u,u; and p!
be defined as in Algorithm 2, and let ¢’ = . First, by the definition of u’ we have that

8 128

Wl < 5= (A8)
and since u; = ||m||; - m for every i € [n], we get that
128
lullo < = (A9)
We also have by Theorem 1 that
" 2
4¢' > 4 Z w; — uj) (A10)
= ) ,
. i wil|(p] | 1)” - Hm”l I(p} || _ (pF DT (A1)
- 2
i=1 2 [(p 11
Y 2
= || i —m) - (pf | 1)T
i=1
n n T||?
= (Z(wi — i) pf | Y (wi— ﬂ,»)) (A12)
i=1 i=1
Y 2
> Y (wi — ) - pi|| (A13)
i=1

where the first derivative is by the definition of #’ in Algorithm 2 at line 11, the second
holds by the definition of p’, w’ and u at Lines 8, 9, and 12 of the algorithm, the third holds
since il = ﬁ, and the last inequality holds since ||(x | ) 12 > x2 for every x € RY and

y € R. Combining the fact that }_' ; w;p; = 0 with (A13) yields that

2
n
4 > ||Y aipi| (A14)
i=1
By (A12) and since w is a distribution vector we also have that
n 2 n 2
4 > 1) (wi—d)| = 1=) d,
i=1 i=1
which implies
n
2Ve > 1-Y (A15)
i=1
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Combining (A15) and (A14) yields that:

4¢'

T (1-2vE)? T

where that second inequality holds since e =¢e/16 < 1/16.
By Lemma A2, Corollary Al, and (A16), Theorem 2 holds as

HE 1 1ipi <166 =&, (A16)

11ul

2
= [|ptu — pim |5 < €02

Tal % Zu !

O

Appendix E. Proof of Theorem 3

Proof of Theorem 3. We use the notation and variable names as defined in Algorithm 3.
First, we assume that w(p) > 0 for every p € P, otherwise we remove all the points

in P which have zero weight, since they do not contribute to the weighted sum. Identify

the input set P = {py,- -, pn} and the set C that is computed at Line 13 of Algorithm 3

asC = {Cl, Eele } We will first prove that the weighted set (C, 1) that is computed in
Lines 13-15 at an arbitrary iteration satisfies:
@@ CCP
(b)  Lpeculp) =1,
(0 HZpePw(P) 'P*Zpecu PH 1og ),and
CINNE Rt
Let (fi,if) be the vector summarization log%-coreset of the weighted set

({p1,- -+, px}, w') that is computed during the execution of the current iteration at Line 12.
Hence, by Theorem 1

P 2
€
a(u)u; — w' < ,
V;ﬁ (.ul)yl ; (Vl) Hi — 10g(7’l)
_ Al17
S {m, - it and (A17)
. 8- log(n
Proof of (a). Property (i) is satisfied by Line 13 as we have that C C P.
Proof of (b). Property (ii) is also satisfied since
(p;)w (p;
Lup= T L M = 3 T
pec wenper;  CHi wen i) pep,
() (A18)
=) v ) wp) = ) () =1,
z»% Lper, w(p) pg% #i;ﬁ l

where the first equality holds by the definition of C at Line 13 and w(p) for every p € C
at Line 15, and the third equality holds by the definition of u’(y;) for every u; € fi as in
Line 10.
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Proof of (c). By the definition of w’ and y;, for every i € {1,--- ,k}
- < 1
Yow (i) pi =) w (i) - i ,)‘ZW(P)'P
i=1 i=1 Hi)  pep,
) (A19)
=) Y wlpp=Y wipp
i=1pePp; peP
The weighted sum of (C, u)
11 w
) u(p)p = %Qy)p
peC Hi€R pEP; Hi (A20)
. w _
= Z a(pi) w/(P))p = a(pi) iy
W€l peb; V' \Hi pi€h

where the first equality holds by the definitions of C and w, and the third equality holds by
the definition of y; at Line 9. Plugging (A19) and (A20) in (A17) satisfies (iii) as

2
€

= Tog (n)

(A21)

Y w(p)-p— )Y ulp)-p

peP peC

Proof of (d). By (A17) we have that C contains at most @ clusters from P and at

most |C| < @ - [#] points, and by plugging k = ZIOg(") we obtain that |C| < Pzﬂ—‘ as
required.

We now prove (i)—(iii) from Theorem 3.

Proof of Theorem 3 (i). The first condition |C| < 8/¢ in (i) is satisfied since at each

iteration we reduce the data size by a factor of 2, and we keep reducing until we reach

the stopping condition, which is O( IOgﬁ(") ) by Theorem 1 (since we require a ( ) error

log
when we use Theorem 1, i.e., we need coreset of size O( %)). Then, at Line 5 when the if
condition is satisfied (it should be, as explained) we finally use Theorem 1 again to obtain a
coreset of size [8/¢] with e-error on the small data (that was of size M).

The second condition in (i) is satisfies since at each iteration we either return such a
pair (C,u) at Line 18, we get by (b) that the sum of weight is always equal to 1.

Proof of Theorem 3 (ii). By (d) we also get that we have at most log(n) recursive
calls. Hence, by induction on (2) we conclude that last computed set (C,u) at Line 18
satisfies (ii) ,

£
<log(n) - fog () ~ €.
At Line we return an ¢ coreset for the input weighted set (P, w) that have reached the

log(n) )

Y wp)-p— )Y wlp)-p

peP peC

size of (
2e.

2
. Hence, the output of a the call satisfies Hzpep w(p) - p—Lpecw(p)- pH <

Proof of Theorem 3 (iii). As explained before, there are at most log(n) recursive calls
before the stopping condition at Line 4 is met. At each iteration we compute the set of

means fi, and compute a vector summarization ( ) -coreset for them. Hence, the time

logn
complexity of each iteration is n'd + T(k, d, (n) ) where 1’ is the number of points in the

current iteration, and T (k, d, Tog(r ( 3 ) is the runnmg time of Algorithm 1 on k points in R to
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obtain a log%-coreset. Thus, the total running of time the algorithm until the "If" condition

at Line 4 is satisfied is

log(n) nd P
1 + T k, d, >
i=1 <2’1 ( log(n))

€ kd
< . — .
< 2nd +log(n) - T(k,d, log(n)) €O (nd + — )

log(n)

Plugging k = 210%5(") and observing the the last compression at Line 5 is done on a data

of size O(@) proves (iii) as the running time of Algorithm 3 is O (nd + bg(sig)zd) O

Appendix F. Proof of Corollary 4

Proof. The corollary immediately holds by using Algorithm 2 with a small change. We
change Line 11 in Algorithm 2 to use Algorithm 3 and Theorem 3, instead of Algorithm 1
and Theorem 1. [

Appendix G. Proof of Lemma 5
We first prove the following lemma:

Lemma A4. Let P be a set of n points in RY, y = %Epep p, and 0% = %Epepﬂp — u|]%. Let
€,0 € (0,1), and let S be a sample of m = % points chosen i.i.d uniformly at random from P. Then,

2
with probability at least 1 — 6 we have that H % Ypesp — y” < ec?.

Proof. For any random variable X, we denote by E(X) and var(X) the expectation and
variance of the random variable X, respectively. Let x; denote the random variable that is
the ith sample for every i € [m]. Since the samples are drawn i.i.d, we have

(; > p) () —mevar(2)

peS

2 2

_ o _ 0 2

=m(— = — =¢bo”-.
m m

(A22)

For any random variable X and error parameter ¢’ € (0, 1), the generalize Chebyshev’s
inequality [64] reads that

var(X)

Pr(|X - E(X)] 2 ¢) < 755 (A23)
Substituting X = L Ypes P, E(X) = pand ¢ = \/eo in (A23) yields that
1
Pr( ;’%py zﬁa>sm(m(§j6m. (A24)
Combining (A22) with (A24) proves the lemma as:
1 ? 5 edo?
Pr( %r;p—y Zsa)gazszé. (A25)

O

Now we prove Lemma 5
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Proof. Let {S1,---,S;} be a set of k i.i.d sampled subsets each of size % as defined at

Line 5 of Algorithm 4, and let 5; be the mean of the ith subset S; as define at Line 6. Let
k
§:=argmin ) _|[5; — x||, be the geometric median of the set of means {5y, - - ,5;}.
xeR? =1
Using Corollary 4.1. from [65] we obtain that

2
Pr(||§y|| > 11, [ T80 1og£k1.4/5)> <3,

€

from the above we have that

2
Pr<||§— > 1218‘71(’%&1'4/5» <. (A26)
Note that
2
Pr( 5 — |2 > 12127 108U14/9) (A27)
ak
— Pr| 5= P > 3025 02— 1081:4/0) (A28)
13.510g (%)J +1
2Pr(||§—y||2 231-&72), (A29)

where (A28) holds by substituting k = [3.5log (%)J + 1 as in Line 3 of Algorithm 4,

and (A29) holds since % < 1forevery s < 0.9 as we assumed. Combining (A29)
: 3
with (A26) yields,

Pr(||§— u|> > 31 8(72) <. (A30)
For every i € [k], by substituting S = S;, which is of size %, in Lemma A4, we obtain

that
Pr(|[5; — p||* > e0?) < 1/4.

Hence, with probability at least 1 — (1/4)* there is at least one set S j such that
_ 2
I5 = ull” < &0
By the following inequalities:
(1/4)k _ (1/4) \_3.510g(%)j+1 < (1/4)log(1/5) _ 4log((5) < Zlog(é) -5
we get that with probability at least 1 — J there is a set S; such that
5 — u|)? < e (A31)

Combining (A31) with (A30) yields that with probability at least (1 — §)? the set S i
satisfies that

IIs; — &||* < 32602, (A32)
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Let f : R? — [0,00) be a function such that f(x) = Y5, ||5; — x|, for every x € R%.
Therefore, by the definitions of f and 3,

k
§:=argmin ) _||5; — x||, = argmin f(x).
xeRY  i=1 x€R4

Observe that f is a convex function since it is a sum over convex functions. By the
convexity of f, we get that for every pair of points p, q € P it holds that:

if f(q) < f(p) then [lg =3[ < [[p = 8] (A33)
Therefore, by the definition of i* at in Algorithm 4 we get that

i* € argmin||5; — §]|. (A34)
ic[k]

Now by combining (A32) with (A34) we have that:
Pr(||§l-* —gP < 32502) > (1-0)% (A35)
Combining (A35) with (A30) and noticing the following inequality

(1-6)°3=(1-2046%)(1-6) > (1-25)(1-9)
=1-8-26+26%>1-39,

satisfies Lemma 5 as,
Pr(||§i* —ul? < 33502) <1-36.

. . dlog (1) . 1,2
Running time. It takes O ( —2-%> | to compute the set of means at Line 6, and O (d log (5) )

time to compute Line 7 by simple exhaustive search over all the means. Hence, the total
1
running time is O <d (log (%)2 + b‘5£<(5)> > O

Appendix H. Proof of Theorem 6
We first show a reduction to a normalized weighted set as follows:

Corollary A5. Let (Q,m) be a weighted set, and let (P,w) be its corresponding normalized
weighted set as computed in Observation Al. Let (P, u) be a 1-mean e-coreset for (P, w) and let
u' = ||m||y - u. Then (Q,u’) is a 1-mean e-coreset for (Q, m).

Proof. Let (P,u) be a 1-mean e-coreset for (P,w). We prove that (Q,u’) is a 1-mean
e-coreset for (Q, m). Observe that

n n
Y (mi—u})|lgi — x|)?| = | Y (mi — u)) || pi — y|? (A36)
i=1 =1
! 2 2
= | Y _lIm[l;0* (w; — w;)lpi — y||°|, (A37)
i
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where the first equality holds by (A1), and the second holds by the definition of w and u'.
Since (P, u) is a 1-mean e-coreset for (P, w)

u;)||pi — yllz‘ (A38)
n 2 2
< )" [|mllyo%wi||p; — vl
i=1
L 2
=e) myl|q; — x|%,
i=1

where the equality holds by (A1) and since w = W The proof concludes by combin-
ing (A36) and (A38) as [y (m; — u])||g; — x[1°| < e Xy mlg; — x| O

1-Mean Problem Reduction

Given a normalized weighted set (P, w) as in Definition A1, in the following lemma
we prove that a weighted set (P, u) is a 1-mean e-coreset for (P, w) if some three properties
related to the mean, variance, and weights of (P, u) hold.

Lemma A6. Let (P,w) be a normalized weighted set of n points in R?, e € (0,1), and u € R"
such that,

L X uipil <e
2. 1-=Y!qu] <eand

-2 Il <e
Then, (P, u) is a 1-mean e-coreset for (P,w), i.e., for every x € R we have that

n

Y (wi — uy)l|pi — x||? <2€2wz\lpl—XIl (A39)

i=1 i=1

Proof. First we have that,

n n n n
Y willpi —x|I* = Y willpill> — 2xT Y wipi + x> ¥ w; (A40)
i=1 i=1 i=1 i=1

=1+|x? (A41)

where the last equality holds by the attributes (a)—(c) of the normalized weighted set (P, w).
By rearranging the left hand side of (A39) we get,

n
Y- (w; —up) || pi — || ‘ w-fui><r|pi||2f2p?x+|\x||2> (A42)
i=1
. T
Z u) [ pl?[ + | 1< Z + |2x Z (A43)
i=1
=|1- Z”i“Pi”z + x)?]1 = Zui + ZXTZuiPi (A44)
i=1 i=1 i=1
2 n
<eellx]]” + 2 x| Y wipi|, (A45)
i=1
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where (A43) holds by the triangle inequality, (A44) holds by attributes (a)—(c), and (A45)
holds by combining assumptions (2), (3), and the Cauchy-Schwarz inequality, respectively.
We also have for every a,b > 0 that 2ab < a? + b?, hence,

2
2ab = 2\/&1\2 <ea® + % (A46)
By (A46) and assumption (1) we get that,
z 2 IEhy wipil?
2| || Yo wipi|| <ellx]” + F==
i=1
2
€
<ellx|*+ =
€
= ¢f|x||* + & (A47)
Lemma A6 now holds by plugging (A47) in (A45) as,
. 2 2 2
Y (wi—ui)||pi — x|I°| < e+eflx||” +ellx||” +e
i=1
_ 2
= 2+ 2¢||x||
2
= 2e(1+ [|x])
n
=2¢ ) willpi — x|, (A48)

i=1

where the last equality holds by (A41).
Observe that if assumptions (1), (2) and (3) hold, then (A48) hold. We therefore obtain
an e-coreset. [

To Proof Theorem 6, we split it into 2 claims:

Claim A7. Let (Q,m) be a weighted set of n points in R?, e € (0,1), and let u be the output of
a call to CORESET(Q, m, (£)?); see Algorithm 2. Then u = (uy, - -+ ,u,) € R" is a vector with
lullg < % non-zero entries that is computed in O(Z—f) time, and (Q, u) is a 1-mean e-coreset for

(Q,m).

Proof. Let (P, w) be the normalized weighted set that is computed at Lines 3-5 of Al-

gorithm 2 where P = {py,---,pu}, and let ii = “—. We show that (P, ) is a 1-mean

l[mlly
e-coreset for (P, w), then by Corollary A5 we get that (Q, 1) is a 1-mean coreset for (Q, m).
TI\T AT |12
||((piT‘Ii))||2 and w! := M for every i € [n]. By the definition
pi

of u’ atline 11 in Algorithm 2, and since the algorithm gets ¢’ % as input, we have that

Lete = §,letp) :=

128

'}y < 8/¢”% = =5, (A49)
and

n 2

Y (wj - uf)pl|| <€ (A50)
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For every i € [n]letu; = ||m]|; - n 5 be defined as at Line 12 of the algorithm. It

T\l ||
immediately follows by the definition of u = (uy,- - - , 1) and (A49) that
ully < 128/¢€°. (A51)

We now prove that Properties (1)- (3) in Lemma A6 hold for (P, ). We have that

2¢/ > 2 i (w] —u}) ' (A52)
_, iwf” PO - mpl6T 101F T T
2 IeT 1D
= || (w; =) - (p] [ DT (A53)
i=1
" T
= (Z(wzﬁz) piT|Z(wz”1)) (A54)
i=1 i=1
> i(wi—ﬁi)'r’i , (A55)
i—1

where the first derivation follows from (A50), the second holds by the definition of w/,
and p/ for every i € [n], the third holds since 7 = I | , and the last holds since || (x | y) H >

|| x|| for every x,y such that x € R and y € R.
By (A54) and since w is a distribution vector we also have that

n n
2¢/ > 1Y (w — )| = |1 =)y, (A56)
i=1 i=1
By Theorem 1, we have that «’ is a distribution vector, which yields,
n , n T T 2 n 2 n
=2y ui=Y | | DT = L aillpl® + X,
i=1 i—1 i—1 i=1
By the above we get that2 — Y 7" i1, = Y/ 1; Hpi||2. Hence,
n n
Z( ||Pz szllpzll - _Zﬂz)
i=1 i=1 (A57)

-1

M:

< 2¢

i 1

where the first equality holds since Y\ ; ;|| p; Hz =2—Y " 1, the second holds since w
is a distribution and the last is by (A56). Now by (A57), (A56) and (A55) we obtain that
(P,11;) satisfies Properties (1)-(3) in Lemma A6. Hence, by Lemma A6 and CorollaryA5 we
get that

n

Z(wi—ui)HPi—tz

i=1

n
<4y wilp; — x|
i=1

n

2

=) willp; — x||".
i=1
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The running time is the running time of Algorithm 1 with ? instead of ¢, i.e., O(nd /€?).
O

Now we proof the following claim:

Claim AS8. Let (Q,m) be a weighted set of n points in R?, e € (0,1). Then in O(nd +d - bgg#)z)

we can compute a vector u = (uy,- -+ ,uy)? € R, such that u has ||u||, < 152—28 non-zero entries,
and (Q, u) is a 1-mean (2¢)-coreset for (Q, m).

Proof. The Claim immediately holds by using Algorithm 2 with a small change. We change
Line 11 in Algorithm 2 to use Algorithm 3 and Theorem 3, instead of Algorithm 1 and
Theorem 1. [

Combining both Claim A7 with Claim A8 proves Theorem 6.

Appendix I. Proof of Corollary 7

Proof. We consider the variables defined in Algorithm 5. Let X € R¥*(4=K) such that
XTX =1,and let A’ = [A|(r, - ,7)T]. Plugging A = A’ into Theorem 3 at [35]

IWAXIE] _ olisn g
— | <5||)_ 7 — Wiay|. (A58)
larx]® i=1 N
We also have by the definition of W and Theorem 2
n 5 n 2 n
L9 = Widi| < (e/k)y [ laill” < e/ L llaill (A59)
where the first inequality holds since W;; = u? for every i € [n], and the vector u € R" isa

vector summarization (e/5k)2-coreset for ({01, -+ ,v,}, (1, ,1)).
Finally, at [35] they show that (¢/5k)Y.;' ,]|7i]] < e. Hence, combining this fact
with (A58), and (A59) yields

(A60)

L WA
235G

Finally, the corollary holds by combing Lemma 4.1 at [45] with (A60). O
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