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Determinantal Point Processes (DPPs) are probability distributions on subsets of a collec-
tion of points that tend to generate diverse configurations of points. This feature makes
them suitable as a probabilistic model of diversity. Recently this idea has been exploited
extensively in subset selection problems, where given a large set of items such as images,
documents, or any other form of collected data, the goal is to select a small, yet diverse
and representative subset. However, with the rapid growth of datasets size, in order
to utilize DPPs for real-world tasks, we need to design new primitives and inference

algorithms that can be run efficiently in these settings.

This thesis focuses on two inference tasks for DPPs: In the first part, we study sampling
algorithms for DPPs and offer efficient MCMC based algorithms which can be applied
in both discrete and continuous domains. In the second part, we consider the problem
of determinant maximization which is equivalent to the Maximum a Posteriori encoding

for DPPs, and present scalable algorithms in a distributed setting which assumes the



input data are arbitrarily split among numerous nodes.
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Chapter 1

INTRODUCTION

Determinantal Point Processes (DPPs) are probabilistic models of repulsion which were
tirst introduced in quantum physics to model negative interactions among particles [87];
in this context, they represent a probability distribution on the configuration of particles
in the space with higher probabilities assigned to states that points are spread out all over
the the space. There has been a lot of efforts over last decades to understand the math-
ematical properties of DPPs, e.g. see [55, 86, , ]. Most importantly to us, Lyons
[65] shows that this family of distributions fulfill negative correlation, and its stronger
form negative association which roughly explains why diverse subsets are more probable
under DPPs. Moreover, polynomial time (approximate) algorithms were developed for
several basic inference tasks of DPPs in different settings including sampling, learning,

marginalization, maximum a posteriori (MAP) inference, etc., see [72] for more details.

Given these algorithmic advances, and the better understanding of DPPs repulsive char-
acteristics, researchers in the ML community initiated studying them as probabilistic
models of diversity and fairness. In particular, DPPs gained a lot of attention for the task
of diverse subset selection; given a large collection of items, the goal is to choose a small
representative subset. In this context, the main quality for a representative subset is its
diversity. To get a better sense of this task, consider the following simplified scenario
for online shopping: Retailers with a large inventory should pick a small subset of their

items which are more likely to engage their customers. To maximize this likelihood,



especially in the lack of adequate knowledge of customers’ needs, this selected subset
not only should contain highly rated products, but also needs to be diverse to attract a
wide range of users. There is long line of work using DPPs to capture diversity in sub-
set selection problems, started by the work of Taskar and Kuelsza [69], who used DPPs
for more accurate pose estimation. Since then, DPPs have found many applications in
variety of practical applications including video summarization [93, 52], document sum-
marization [72, 71, 27], diverse image annotation [118], tweet timeline generation [119],

neural network learning [121, 42], object detection [79], and several others.

In order to utilize DPPs in the aforementioned applications, we need efficient primitives
for their basic inference tasks, including learning, sampling, computing marginal prob-
abilities, etc. Although as stated for many of these tasks polynomial time methods are
already developed, their computational complexity makes them inefficient in many real
world situations that we are dealing with huge inputs. Moreover with persistent growth
in data sizes centralized algorithms are no longer suitable choices for many tasks in
machine learning. To overcome these challenges, we need to develop techniques and

methods which are scalable in distributed settings.

In the first part of this thesis we study the problem of sampling from variations of DPPs.
In particular, we focus on k-DPPs, which are DPPs restricted to subsets of a certain size.
We present efficient MCMC sampling algorithms that can be applied in discrete and

continuous domains.

In the second part we visit the Maximum A Posteriori (MAP) decoding of DPPs. In
this problem which is also known as determinant maximization, the goal is to find the
most probable (diverse) subset under a DPP distribution. We offer a practically efficient
and nearly optimal algorithm in the framework of composable core-sets; In this setting
the data is distributed across several units, and the algorithm should first independently

summarize each part of the data to shrink the size significantly, and then solve the



problem on the union of these summaries in a centralized fashion.
1.1 Determinantal Point Processes and Diversity

Formally, a discrete point process is a distribution on the subsets of a ground set, known
as the domain. There are multiple alternative formulations for determinantal point pro-

cesses. We mainly refer to the following definition:

Definition 1.1. A point process on domain [n] = {1,...,n} is determinantal if there is a

positive semi-definite (PSD) matrix L € R"*" such that for each S C [n],
]P(S) [ det(Ls),
where Lg is the submatrix of L whose rows and columns are indexed by S. Matrix L is

known as the ensemble matrix of the DPP.

To see how diverse subsets of items are more probable under DPPs, however, it is more
instructive to look at their geometric interpretation which follows from the following

elementary fact.

Fact 2. Let S be the k-dimensional parallelepiped created by rows of matrix V € R**9. Then

VOL(S)? = det(VVT).

Therefore, let V = {vy,...,v,} be a set of vectors. A DPP with respect to set V is a prob-
ability distribution supported on the subsets of the set {1,...,n} where the probability

assigned to every subset S is proportional to
- 2
VOL (parallelepiped formed by{v;};cs)".

So the probability of choosing a single element S = {i} under this distribution is pro-
portional to ||v;||2, and for a pair of elements {i,j} this probability is proportional to the
squared of the area of the parallelogram formed by v; and v;. So intuitively, this volume

is higher for subsets of vectors that



1. have higher norms.

2. are directionally far from each other. In particular, with fixing the lengths, the

highest volume is achieved by a set of orthogonal vectors.

In applications, each v € V is representing an item in a feature space, e.g. a product in
our online shopping example. In this space, the similarity between two items is captured
by the dot product between their corresponding vectors. Also, the length of a vector can
be thought of the “quality” of the item, i.e. the chance that the product engages a user.
In this settings, high quality and diverse subsets of items are more preferred since item 1
ensures high quality items are picked, item 2 gives higher chance to diverse subsets.
Therefore, the model balances the diversity of a set versus the quality of its elements, as

desired.

1.1.1  Sampling from k-DPPs

To capture real world restrictions, several variation of DPPs with additional constraints
are introduced. A cardinality constraint on the returned set is such a required restriction
in many settings. For example, for using DPPs for diversifying search results the size of
the returned subset is expected to be in a certain range, whereas in standard DPPs, there
is no guarantee on the size of the sampled set. A well-known extension of DPPs which

allows an explicit control over the size is k-DPP.

Definition 1.3. For an integer k and a DPP u defined on 2["], the truncation of u to
subsets of size k is called a k-DPP, i.e. denoting this k-DPP by 4 for any S C [n], we have

=0 if|S| £k

ui(S) _
o u(S) otherwise.

In the first part of the thesis we focus on sampling algorithms from k-DPPs. Most of the

previous work on sampling from k-DPPs is focused on spectral methods. However, these



method typically need matrix V' in the input, which makes them inefficient when the tar-
get DPP is represented by the ensemble matrix L'. Given this restriction, [35] suggested
using Markov chain techniques, which are very appealing in this context because of their
simplicity and efficiency. In chapter 4, we devise an efficient MCMC based algorithm
in the discrete case. Next, in chapter 5, we extend our ideas to continuous domain and

design MCMC based algorithms for specific families of k-DPPs on continuous domains.

1.1.2  Our Contributions
Sampling from discrete k-DPPs and k-homogeneous strongly Rayleigh measures

A natural Markov Chain Monte Carlo (MCMC) algorithm for the problem is given by the
Metropolis-Hasting method. Let 7w be a k-DPP given by an ensemble matrix L € R"*".
The resulting algorithm is a Markov chain which denoted by M can be described as
follows. The state space of M is supp{7}, i.e. subsets of [n] of size k with non-zero
probability under u. If S is the current state of the chain, the chain moves as below: first

choose an element i € S and j € S uniformly and independently at random. Then letting

T=S5\{i}u{j},
i) If T € supp{7}, move to T with probability 3 min{1, 7(T)/7(S)};
ii) Otherwise, stay in S.

From classical results on Markov chain, it turns out that starting from any subset S(|S| =
k the chain distribution on states converges to 7r. To show it is efficient, one needs to
upper bound this convergence rate, widely known as the mixing time of the chain. There
has been several attempts [65, 83, 109] to upper bound the mixing time of M for a
given k-DPP 7 and partial results are obtained; but, to the best of our knowledge this

question is still open for arbitrary k-DPPs.

!In this case, first a Cholesky decomposition has to be carried out which runs in time w(n?).



In the main result of chapter 4 we upper bound the total variation mixing time of 7 (see

definition 2.10 for formal definition).

Theorem 1.4. For any k-DPP distribution i : 2" — R, and any starting state S € supp{u},

the mixing time of the chain started at S is bounded by O(kn) - log —.”

(s)’
To prove the above theorem, we appeal to properties of a broader family of probability
distributions known as Strongly Rayleigh (SR) measures. These generalization of DPPs,
are introduced and deeply studied in the work of [20]. Most importantly to us it is

shown in [20] that
1. unlike DPPs, SR measures are closed under truncation.

2. similar to DPPs, they satisfy the strongest form of negative dependence, a.k.a. neg-

ative association.

In fact, using them (crucially item 2), we are able to prove theorem 1.4 for the broader
family of k-homogeneous SR measures, i.e. truncation of SR measures to subsets of size k.
In order to use M to efficiently draw an approximate sample from the k-homogeneous
SR measure 77, we also need a “proper” starting state and an oracle to compute ratio %
for adjacent pair of states to simulate the chain. These oracles can be straight-forwardly
obtained for k-DPPs; the time complexity of the resulting method for k-DPPs is then

given by the following theorem.

Theorem 1.5. Given an ensemble matrix L of a k-DPP 7, there is an algorithm that generates

an approximate sample of 7t with O(nk*) arithmetic operations.

2The O notation indicates that some log factors are hidden in the bound.



Sampling from Continuous k-DPPs

So far we only considered DPPs defined on finite sets, but they can also be extended to
continuous spaces. In fact, DPPs were originally introduced to model physical particles
in continuous spaces. Given C C R¥ and positive semi-definite kernel function L : C x
C — R? (under some mild conditions), the DPP defined by L is a probability distribution
over finite subsets of C that the probability density function for every such subset S C C
is proportional to det(Ls) where Lg denotes a |S| x |S| matrix defined by L(x,y) for
x,y € S. Similar to the discrete case, a continuous k-DPP is a truncation of a continuous

DPP.

An analogy of the geometric insight explained for the discrete case also holds here; the
samples generated from a continuous DPPs tends to be more uniformly spread in the
space. This is also illustrated in figure section 1.1.2 where 40 points drawn from a
uniform distribution are visualized against same number of points generated by a DPP
with a Gaussian kernel. This feature makes these distributions an appealing probabilistic
model of diversity in continuous domains, for example samples from continuous DPPs
can be employed in learning of generative mixture models [54, , 74]. In [2] they are
used for the initialization step of k-means clustering, and more recently they have found
applications in tuning the hyper-parameters of deep networks [42]. Also, see [75] for

their applications in statistics and [17] for connections to repulsive systems.

On the algorithmic side, however, there has been less positive results due to the compu-
tational challenges arising in continuous domains. In chapter 5, we study the problem
of sampling from continuous k-DPPs. The previous efforts has been mostly focused on
approximating the continuous kernel by a finite (low) rank, then extending the spectral
sampling algorithms for discrete DPPs to continuous domains. Although the idea can
yield practical heuristics, as we explain in chapter 5 there are major obstacles to obtain

provable guarantees.



(a) Uniform samples (b) Points Sampled from a DPP

Figure 1.1: Diversity of points sampled from a DPP with a Gaussian kernel versus

uniform samples (samples from a Poisson process).

Our result leads to the first class of rigorously analyzed efficient algorithms to generate
random samples of continuous k-DPPs. We again follow an MCMC approach, and ana-
lyze a Gibbs sampling algorithm for k-DPPs, which was suggested as an efficient heuris-
tic for the problem by [54]. Let 7t be continuous k-DPP defined by a kernel L : C x C — R.
If the current state of the Gibbs sampler is {x1, ..., x; }, the next state will be determined
as follows: A point x; € {x1,...xx} is chosen uniformly at random, and is replaced by

y € C sampled from the conditional distribution whose PDF is defined by
fy) dLet(xl, e Xis 1, Yy X1, e, XE),
which is the determinant of the k x k matrix obtained by restricting L to points
{x1..0,%1,¥, Xiv1, .-, X}

Note that the same chain can be defined for discrete settings as well.



Our main contribution is that the chain, for both discrete and continuous k-DPPs, mixes

rapidly in time which is only a function of k and independent of the domain.

Theorem 1.6. If we run the Gibbs sampler for a k-DPP 7, starting from an arbitrary distribution
Ho, then the chain mixes after

steps where the constant C,, only depends on g and 7.

In the discrete case, this constant can be easily bounded to get a polynomial time sam-
pling algorithm. Although the final running time turns out suboptimal with respect to
the algorithm of chapter 4, the method seems more suitable for distributed models. In
this setting, the Gibbs sampler can yield a sub-linear (in terms of domain size) sampling

algorithm.

Corollary 1.7. Given access to n® processors for some § > 0, the Gibbs sampler can be used to

generate an approximate sample of a k-DPP defined on domain of size n in time O(n'=?) - poly (k).

On the other hand, to extend this result onto a polynomial time algorithm for continuous
k-DPPs, we need to find a proper starting distribution and also an oracle to run the chain,
i.e. a polynomial time method which given any state can take one step of the chain. We
are not able to address this step in full generality; instead, we analyze a natural rejection
sampler for this task; we analyze the number of generated samples and show that when
the spectrum of the eigenvalues of the kernel is not concentrated on the largest k values,
the method is efficient. Putting the pieces together, we obtain an efficient algorithm
for sampling from k-DPPs defined by spherical Gaussians, a.k.a RBF kernels which are

widely popular in practice.

Theorem 1.8. Let G be a spherical Gaussian with standard deviation o = O(1) on the unit
sphere given by G,(x,y) = exp(||x — y||*/20?). Also let k < exp(d/4), then an approximate
sample of the continuous k-DPP defined by G, can be obtained using poly(d, k) operations.
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1.2 Determinant Maximization

In part II, we consider the MAP encoding problem for DPPs and k-DPPs which is known
as determinant maximization; given a DPP defined by ensemble matrix L, the goal is to
tind the principal submatrix with the highest determinant. Given fact 4, the problem can

also be phrased as a volume maximization problem, stated below.

Definition 1.9 ( k-volume (k-determinant) maximization). Given a set of vectors V =
{v1,..., 00} C R? and an integer k < d, find a subset S C V of size k which maximizes

the k-dimensional volume of the parallelogram formed by these vectors.

Recall that the parallelogram defined by vy, ..., v, is the set {Zﬁle w0 |0 < a; < 1}
On the hardness side, it is proved that even approximating the optimum value for de-
terminant maximization up to an exponential factor of 2=, for some constant ¢ > 0
is NP-hard [32]. On the other hand, this lower bound was matched qualitatively by a

recent paper of [99], who gave an algorithm with ef-approximation guarantee.

This problem is also releted the well-known submodular maximization problem as the vol-
ume function is a submodular objective in the following sense. Define f : 2[" — R,
by f(S) = VOL(Parallelogram(S)). Then, one can observe that log f is a sub-modular
function. There is a long line of research on approximation algorithms for submodu-
lar maximization, started with the seminal work of [98], who shows a simple greedy
procedure achieves a constant factor approximation solution. However, since only the
logarithm of the volume is a submodular objective, these results do not directly translate
into multiplicative bounds for the determinant maximization. Therefore, to design opti-
mal approximation algorithms with multiplicative gaurantees for volume maximization,

relying on the submodularity property is not sufficient.

In part II of the thesis we present our work on determinant maximization in a distributed

computing framework known as composable core-sets.
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1.2.1 Composable Core-sets

In many practical applications of DPPs, the input data is huge and the processing can
not be executed on a single machine; this necessities studying algorithms in distributed,
streaming, and parallel models of computation One popular such framework in this
context is composable core-sets introduced in [61], is essentially a variation of the MAP
reduced model which allows the processing units to work independently without any

need to additional communication during their computations.

Definition 1.10. (composable core-sets) A function c(V) that maps any V C R? into its
subset is called a core-set function. This core-set function is an a-composable core-set of

size t for the function f ()3 [61, 4], if for any collection of sets V;,...,V, C R?, we have

fle(M)Uu...uc(Vp)) >

R |

'f(V1U...UVp).

Suppose that we want to solve an optimization problem on a large data set distributed
across several computing units; in the first step of this framework, each machine inde-
pendently runs the core-set method which produce a small “representative” of its data.
Next this procedure then can be repeated for the union of the core-sets, until the data
is small enough for a centralized machine to carry out the final algorithm on the entire
set and outputs the final value. To formulate determinant maximization in the above
language, we assume input vectors are distributed across machines, and for S C R¥ the

value f(S) indicates the optimum of determinant maximization on S.

1.2.2  Our Contributions

Composable core-sets for determinant maximization has not been studied before, but
there has been several efforts for the family of sub-modular functions, which as men-

tioned earlier also includes the log det function. In particular, [95] showed that a simple

3In this setting, function f can indicate the optimum of a maximization problem, e.g. determinant
maximization in our problem.
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greedy method generates core-sets that guarantee an approximation factor of min(k, m)
for m being the number of chunks of the data, and k being the target cardinality. It is also
shown in [61] that under the general assumption of submodularity, this bound can not
be improved beyond %. Chapter 7 examines two well-known heuristics, greedy and

local-search methods to construct core-sets, and analyzes their approximation guarantee.

Analyzing Greedy and Local Search Heuristics

Greedy approaches are very appealing in sub-modular maximization problems and lead
to constant factor approximation in many settings; so one might expect them to perform
well for the determinant maximization, too. In particular, consider the following greedy
algorithm: start with an empty set S, and for k iterations, chose an element i ¢ S that
maximizes det(Lg.;). This method has been previously analyzed by [31], who shows
its approximation factor is k!. We analyze this method to generate composable core-sets,
i.e. each machine uses this method to pick a subset of size k of its input, and prove the
following.

(k%)

Theorem 1.11. The greedy method outputs 2°")-composable core-sets for k-determinant maxi-

mization.

Next, we analyze a local-search algorithm. Let S be the output of the greedy algorithm.
This algorithm start with S and iteratively does the following: if there exists i € S and
j ¢ S that swapping them increases the volume with a constant factor, swap them, and
terminate if no such a pair can be found. We show this method gives a significant

improvement over the greedy method.

Theorem 1.12. The local-search methods gives O(22F)-composable core-sets for k-determinant

maximization.
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Optimal Composable Core-sets via Spectral Spanner

Chapter 6 studies the problem from a more theoretical perspective, and aims to find
optimal bounds for the composable core-sets for determinant maximization. In fact, To
achieve that, we introduce the notion of spectral k-spanners, based on a generalization of
the PSD relationship on symmetric matrices; For two d x d symmetric matrices A, B, we
write A =<y B iff the sum of the smallest d — k + 1 eigenvalues of B — A is nonnegative.
In particular, note that for k = d, we recover the well-known notion of =<, and for k < d
we get a weaker relation on A and B, i.e. A < B implies A <y B but the other direction

does not necessarily hold.

Definition 1.13 (spectral k-spanner). For a set of vectors V C RY, we say a set U C V is
an a-spectral k-spanner, for k < d if for all v € V there is a probability distribution
supported on U such that

00T Zp o - By, [uuT].

We show that spectral spanners can be directly used as composable core-sets for the
(k)-determinant maximization. Indeed, it turns out they produce almost optimal com-
posable core-sets for a broader family of spectral optimization programs including vari-
ations of the experimental design task. For determinant maximization, we achieve the

following bound.

Theorem 1.14. Spectral spanners can produce O(k)*-composable core-sets for k-determinant

maximization of size k.

We also provide an almost matching information theoretic lower-bound, and show that
with linear size core-sets, the exponent k in this bound can not be improved asymptoti-

cally.

Finally, we present a polynomial time algorithm to find optimal spectral k-spanners, and

hence optimal compsoable core-sets for (k)-determinant maximization.
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1.3 Organization

In chapter 2 we give a quick overview of main probabilistic and linear algebraic tools
that are used throughout the thesis. As alluded to, the primary objects of study in this
thesis are determinantal point processes; Chapter 3 formally introduces DPPs, strongly
Rayleigh measures and their basic properties. Part I deals with MCMC based sampling
algorithms from k-DPPs; in chapter 4, we present our sampling method for discrete k-
DPPs and homogeneous strongly Rayleigh measures. Next, in chapter 5 we study the
problem for continuous k-DPPs. The subject of the second part of the thesis is the prob-
lem of determinant maximization in the framework of composable core-sets. Although,
we defined the problem in the context of DPPs, this part is self-contained and no prior
knowledge of DPPs is needed to read that; in chapter 6, we offer an almost theoretically
optimal construction of composable core-sets that can also be applied to a wider range
of optimization problems. Next, in chapter 7, we visit two popular efficient heuristics
for the problem and rigorously analyze them. In particular, we present a local-search
method that can be executed very efficiently in practice and its theoretical bound is very

close the optimal bound obtained in chapter 6.
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Chapter 2

PRELIMINARIES

2.1 Linear Algebra

Let RY denote the d-dimensional Euclidian space. Throughout this manuscript, all vec-
tors that we consider are column based and sitting in R?, unless otherwise specified. For
a vector v, we use notation v(i) to denote its iy, coordinate and use ||v|| to denote its ¢,
norm, ie. ||| = Y%, v(i)%. Vector v is called a unit vector if ||v|| = 1. We use ey, ..., e,
to denote standard unit vectors, that is for any i, ¢; is a vector whose iy, coordinate is
1 and its other coordinates are zero. For two vectors u, v, we use (u,v) to denote their
inner-product which is given by Y4, u(i)v(i). u,v are orthogonal if (1,v) = 0. Vectors

v1, ..., 0k are called orthonormal if for any i, ||v;|| = 1, and for any i # j, (v;,v;) = 0.

For a set of vectors V, we let (V) denote the linear subspace spanned by vectors of V.
We also use S to denote the linear subspace orthogonal to S, for a linear subspace S, i.e.

St =1{a|Vv €S, (v,a) =0}.

Notation (, ) is used to denote Frobenius inner product of matrices, for matrices A, B €

]Rdxd
d d

<A, B> = Z Z Ai,]'B,',]' = tr(ABT)
i=1j=1
where A;; denotes the entry of matrix A in row i and column j and tr denotes the trace

operator which for a matrix A is defined by tr(A) Y% | A; ;.

A matrix A € R9%9 ig symmetric if for any 1 < 7,7 < d, we have Aij = A]'i. The set
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of all symmetric d x d matrices is denoted by 5;. Matrix A is a Positive Semi-definite
(PSD) matrix denoted by A > 0 if it is symmetric and for any vector v, we have vTAv =
(A,vvT) > 0. For PSD matrices A, B we write A < B if B— A = 0. We also denote the
set of d x d PSD matrices by S .

2.1.1 Eigenvalues

Let A € R™? and let Ay..., )\  be its eigenvalues with corresponding eigen-vectors
vy,...,04, e for any i, Av; = Aju;. If A is a symmetric matrix, its eigenvalues are real
values, and can be characterized by the following theorem, knows as min-max character-

ization of eigenvalues.

Theorem 2.1 (Min-max Characterization of Eigenvalues). Let A € S; with eigenvalues

)\12/\22...2)%. Then

TA
A = max{min % | U is a k-dimensional linear subspace},
xel x|
or
A = min{magI( ﬁ | Uisa (d—k+ 1)-dimensional linear subspace},
xe

The following theorem known as Cauchy interlacing theorem shows the relation between

eigenvalues of a symmetric matrix and eigenvalues of its submatrices.

Theorem 2.2 (Cauchy Interlacing Theorem). Let A € S; be a symmetric matrix, and B be an
m X m principal submatrix of A, i.e. B is obtained by picking out the elements of A in rows and

columns both indexed by a subset S of size m. Then for any 1 < i < m, we have

Ag—mi(A) < Ai(B) < Ai(A)

We also use the following lemma which is an easy implication of min-max characteri-
zation to bound eigenvalues of summation of two matrices in terms of the summation

their eigenvalues.
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Lemma 2.3. Let A, B € Sy be two symmetric matrices. Then Ay ;_4(A+ B) > A;(A) + A;(B)
forany i, jwithi+j—d > 0.

Proof. Following the min-max characterization of eigenvalues, let S4 and Sg be two i-

dimensional and j-dimensional linear subspaces for which we have

. TA . TB
Ai(A) = minyes, W and /\]-(B) = MiNyeg, 1=

Then let S = 5S4 N Sp. The dimension of S is at least i + j — d, and by min-max character-
ization of eigenvalues we have

xT(A—i—B)x> . xTAx . XTBx

A (A4 B) > mi
i+j—a(A+B) > min = RO TRE T e TP

T A 4B

hence the proof is complete. O

2.1.2 Determinant

There are several ways to define the notion of determinant. Let A € R?*? be a square ma-
trix with rows a, ..., a4. A textbook definition of determinant is as follows: Determinant
of d x d matrices is a function det : RY x R?...IR%(d A tuple of d vectors of R?) — R

with the following three properties:

1. det is multilinear, meaning that fixing all rows except one , the det function is linear

with respect to the changing row, i.e. for any i and for any vector r € R,
det(ay,...,a;+7r,...,a;) =det(ay,...,a;,...,a5) +det(ay,...,7r,...,44).
2. Swapping any pair of rows only negates the value of the determinant, i.e. for any

1<i,j<d,
det(...,ai,...aj,...) = —det(...,aj,...,ai,...).

3. The value of the determinant for the identity matrix is 41, i.e. letting ey, ..., e; be

the standard basis vectors we have det(ey,...,e;) = 1.
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We use the notion of determinant of a subset of vectors as a measure of their diversity.
This is more clear from a geometric point of view; in particular, we use the following

fact which relates determinant to the more geometric concept of volume.

Fact 4. Let V € R"™ and let vy, ..., v} denote the rows. Then det(VVT) is equal to the square
of the k-dimensional volume of the parallelepiped spanned by vectors vy, ..., vy which is the set

{T a0 | Vi, 0 < oy < 1}

So for example, for two vectors u and v, the area of the parallelepiped formed by u and

v is equal to the root squared of

lull? {u,0)

I?

det
(o,u) o

Note that when k = d, we have that det(VVT) = det(VTV) where the second term
can also be written as det(zl 1v0]). For k < d, this clearly does not hold as the second
determinant is zero; the Cauchy-Binet identity can be used to generalize the above in this
regime. For S, T C [d], Let Ag 1 denote the |S| x |T| submatrix formed by intersecting

the rows and columns corresponding to S, T respectively.

Fact 5 (Cauchy-Binet identity). For any integer k < d, B € R"9, and C € R4*¥,

det BC Z det SCS [k}) (21)
se ()

When setting B = C = V, each term in the RHS of (2.1) corresponds to a k x k submatrix
of VTV. For a d x d matrix A, define det;(A) as the summation of the determinant of

k x k principal submatrices of A, i.e.

det(A) = Z det Ags.
k )
Se(k)
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Then, the Cauchy-Binet identity indicates that for vectors vy,...,v; € RY, detk(ﬂ;l va.T)
is equal to the square of the k-dimensional volume of the parallelepiped spanned by

01y+++,0k.
Determinant can also be expressed in terms of eigenvalues for symmetric matrices.

Fact 6. Let A be a d x d symmetric matrix with eigenvalues Ay, ..., Ay, then

det(A) = li[)\i.

i=1

For specific family of matrices, there are easier formulas to compute determinant. In

particular, we use the following formula for the determinant of lower-triangular matrices.

Fact 7. Let A € RY x d be a lower-triangular matrix, i.e. for any j > i, Ajj = 0. Then

d
det(A) = H Ajj.
i=1

2.1.3 Matrix Norms

Throughout the thesis, we work with different norms for matrices. The ¢>-norm of matrix
A, denoted by ||A||2 or just || Al| denotes max|y,—1 || Ax[|2. For symmetric matrices, it is

straight-forward that the ¢;-norm is equal to the largest eigenvalue.

The Frobenius norm A is denoted by || A||r and is defined by

|AllF = \/ﬁ

For two matrices A, B, if we define the inner-product (A, B) as Y7, 2?21 AjjBjj, then
|AllE = v/ (A, A). We also use the following identity which relates Frobenius norm to

singular values.
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Fact 8. For any matrix A € R9*,

d
IA[E =) oi(A)
i=1

Finally, ||Al|c = max;; |A;j| denotes the o norm of matrix A.
2.2 Markov Chain on Finite Spaces

In this section we give a high level overview of Markov chains defined on finite spaces
and their mixing times. We refer readers to [52, 97] for more details. A Markov chain
M can be specified by a triplet (Q), P, 1) where Q) denotes the state space of the chain,
and P : QO x OO — R, is called its transition kernel, i.e. P(x,y) is the probability that
chain moves to state y if its current state is x. So by definition for any x € (), we have
> yea P(x,y) = 1. It is also referred to as the transition matrix of the chain, i.e. P can be
identified by an Q) x () matrix where Py, denotes P(x,y). Finally 7t : QO — R is called

the stationary measure of the chain.

Let pg be a probability distribution on (). If we start M from a state sampled from
uo and take one step of the chain, the next state is a random variable with distribution
poP. Similarly for any integer m, the resulting state after taking m steps of the chain
has distribution p,;;, = uoP™. It is guaranteed that under some mild conditions starting
the chain from any step and taking sufficiently large number of steps, the resulting
distribution on the states converges to the unique stationary measure of the chain. Due
to this property, Markov chains are widely used to generate samples from probability

distributions.

The chain M is said to be an irreducible chain if any pair of states x,y € () there exists
an integer t so that Pfcy > 0. Moreover, an irreducible chain is an aperiodic chain if for
any pair of states x, y there exists integer f so that for any integer m > t, we have Py, > 0.

The following theorem formalizes the previous paragraph.
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Theorem 2.9 (Convergence Theorem [52]). If M is an irreducible and aperiodic Markov chain
with stationary measure 71, then there exists constants 0 < « < 1 and C > 0 such that for any
starting distribution py,

0Pt — 7l (ryy < Ca'.

In the above for two probability distributions y, v : O — R, the total variation distance

between p and v is defined as

1 1
I =vllrvy =5 - llr=vligy = 5+ 2 [#(x) —v(x)].
xe)

2.2.1 Mixing Time

In order to use Markov chains as efficient algorithms for sampling, one needs to bound

the number of steps before convergence of the chain, a.k.a. mixing time.

Definition 2.10 (Mixing Time). For a state x € () and € > 0, the total variation mixing
time of a chain started at x with transition probability matrix P and stationary distribu-

tion 7t is defined as follows:
Te(€) := min{t : ||1,P! — 7| vy < €}
where 1, P! shows the distribution of the chain started at state x at time t.

Note that in general the mixing can be defined for a starting distribution, rather than a

single starting state.

A Markov chain M = (Q, P, ) is reversible if for any pair of states x,y € Q, w(x)P(x,y) =
7t(y)P(y, x) which is also known as the detailed balanced condition. The chain M is said
to be a lazy chain if for any state x € Q, P(x,x) > 1. We equip the space of all functions
f : QO — R with the standard inner product for L?(7),

(f8)n=Exlf-g] =} m(x)f(x)g(x).

xeQ)
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In particular, ||f||x = \/{f, f) . For a function f € L?(), the Dirichlet form E.(f, f) is

defined as follows

Exf.f) =5 ¥ (F(x) ~ F1)*Plx.y)m(x)

x,yeQ)

and the Variance of f is

vara(f) = [If —Ex [f] 1% = L (f(x) = Ex [f])* ().

xeQ)

Next, we overview classical spectral techniques to upper bound the mixing time of

Markov chains.

Definition 2.11 (Poincaré Constant). The Poincaré constant of the chain is defined as the

largest constant A which satisfies the following,

A-varg(f) < Ex(f, f),

for all functions f : O — RR.

We will use the following result by Diaconis and Stroock [41] to bound the mixing time
of M. The following classical result shows that if 77(.) is a uniform distribution, the

chain mixes in time log(Q))/A.

Theorem 2.12 ([40]). For any reversible irreducible lazy Markov chain (Q), P, 7t) with Poincaré

constant A and € > 0,

1 1
< .
T(e) < 3 log (e-ﬂmin) ,

where Tpin *= Minyeq 77(X).

The above bound is not strong enough for our particular application in sampling from
a k-DPP or a strongly Rayleigh distribution in chapter 4. This is because 7Tmin can be
arbitrarily smaller than the probability of the starting state. Instead, we use the following

slight generalization of the above theorem.
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Theorem 2.13 ([41, Prop 3]). For any reversible irreducible lazy Markov chain (Q), P, 7t) with

Poincaré constant A, for any € > 0, and any state x € ),

7e(e) < 1 -log (L>

€ 7(x)

It is easy to see that for any transition probability matrix P, the second largest eigenvalue
of Pis 1 — A. If P is a lazy chain, then 1 — A is also the second largest eigenvalue of P in

absolute value.
2.3 Markov Chain on General State Spaces

Markov chains can also be defined on continuous domains, rather than a finite state
space. Here, we give a short overview, but for a complete account we refer to [84]. Let
(Q), B) be a measurable space; in the most general setting, a Markov chain is defined by
the triple (Q), B, { Px}xeq), where for every x € (), P, : B — R is a probability measure
on (Q, B). Also, for every fixed B € B, Px(B) is a measurable function in terms of x. In
this setting starting from a distribution p, after one step the distribution y; would be
given by
p1(B) = [ Pu(B)dpo(x), VB € B.

From now on, assume Q) C R¥ and B is the standard Borel o-algebra. In our setting, we
can assume the transition probabilities are given by a kernel transition kernel P : () x () —

R+ where for any measurable A C (), we can write

Py(A) = /AP(x,y)dy-

In this notation, we use P(x,B) and Px(B) interchangeably. P"(x,.) would also denote
the probability distribution of the states after n steps of the chain started at x. Similar
to the discrete setting, we can define the stationary measure for the chain. A probability

distribution 7t on () is stationary if and only if for every measurable set B, we have

7(B) = /Q /B P(x, y)dydr(x).
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We call M ¢-irreducible for a probability measure ¢ if for any set B € B with ¢(B) > 0,
and any state x, there is t € IN such that P!(x, B) > 0. It is called strongly ¢-irreducible if
for any B C () with non-zero measure and x € (), there exists t € IN such that for any
m > t, P"(x,B) > 0. We say M is reversible with respect to a measure 7 if for any two

sets A and B we have

/B /AP (y, x)dxdn(y) = /A /B P(x,y)dydr(x).

In particular, reversibility with respect to a measure, implies it is a stationary measure.
The following lemma also shows 7 is the unique stationary measure, and as the number

of steps increases, the chain approaches to the unique stationary measure.

Lemma 2.14 ([39]). If 7 is a stationary measure of M, and M is strongly m-irreducible. Then
for any other distribution y which is absolutely continuous with respect to 77, limy o0 |P" (4, .) —

7'L'|TV:0.

2.3.1 Mixing Time

From now on, assume M = (Q, P, ) is a chain with state space (), probability transition
function P, and a unique stationary measure 71. Let us describe some results about
mixing time in the Markov chains defined on continuous spaces. But before that we
need to setup some notation. Let L?((), 71) be the space of functions on Q) with finite
l-norm with respect to 77, i.e. [ |f(x)|dm(x) < oo. The inner product in this space is

defined as
(f.8)n = [ F@)3)dn()
Then P is an operator that for any function f € L?(Q, 77) and x € Q,

(PH() = [ Plxy)f)dy.

In particular, M being reversible is equivalent to P being self-adjoint, i.e. for any pair of

functions f, g, (Pg, f)= = (Pf,§) . For a reversible chain M and a function f € L*(Q, 7r),



25

the Dirichlet form Ep(f, f) is defined as

Ef. ) =5 [ [(Fx) = F0)2P(x y)de(x)dy.

We also define the Variance of f with respect to 7t as

vara(f) i= [ (f(x) = Ex(f))d(x)

Q

We may drop the subscript if the underlying stationary distribution is clear in the context.
Similar to the discrete case, one way for upperbounding the mixing time of a chain on
a continuous state space is to use is to its spectral gap which is also known as Poincaré

Constant.

Definition 2.15 (Poincaré Constant). . The Poincaré constant of the chain the largest

value of A > 0 for which the following holds

A-var(f) < Ep(f, f)
for any function f € L2(Q), 7).

In chapter 5, we use the following theorem to upperbound the mixing time of the chain

relevant to us.

Theorem 2.16 ([67]). For any lazy, reversible, strongly m-irreducible Markov chain M =
(Q,P,m), if A > 0, then the distribution of the chain started from w (which is absolute con-

tinuous with respect to 7r) is

I, = el < 30 =AY fvar (22).

For the sake of completeness, we include a proof of the above theorem which is an
extension of the proof of the analogous discrete result in [48]. We need the following

simple lemma known as Mihail’s identity.
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Lemma 2.17 (Mihail’s identity, [48]). For any reversible irreducible Markov chain M =
(Q, P, ), and any function f in L*(7),

var(f) = var(Pf) + Epa(f, f).

Proof of Theorem 2.16. First of all, one can easily verify that if a chain is lazy and irre-
ducible, then it is strongly-irreducible. Combining it with Lemma 2.14 would guarantee
the uniqueness of the stationary measure. Let yp = u be the starting distribution and
define yy = P'(y,.) be the distribution at time ¢. For distributions y; and 7, let f,,, and

fr denote the density functions of the distribution, and set f; := %, we have

fﬂfﬂ

fr (x) = fra(x)

fut(y)d _/ P(%x)fm(y)dy:
0

(Pf)(x) = [ Plxy) =

which implies
var(Pf;) = var(fi41) (2.2)

So applying Mihail’s identity on % and using (2.2) , we conclude

var(f;) = var(fi11) + Epa(fi, fr)- (2.3)

Now, note that P? has the same stationary distribution 7, so its Poincaré constant is at

most
2y Ep(fe fi)
A(P7) < var(f;)

Combining this with (2.3), and using induction we can deduce

var(fy) < (1— A(P)" var(fy).

Note that, since P is the kernel for a lazy chain, it has no negative values in its spectrum,

implying 1 — A(P?) = (1 — A(P))2. So in order to complete the proof it is enough show

4t — |y < var(fi).



27

This can be seen using an application of Cauchy-Schwarz’s inequality. We have
2
sl =l = ( [ 1) = fu) i)

(o)

[ ful) fu
< 50 G I

The last identity uses that EEET(% = 1. This completes the proof. O

2
-1

dx = var(

)

In order to take advantage of Theorem 2.16, we need to lowerbound the Poicaré constant

of our chain. This can be done by lowerbounding the Ergodic Flow of the chain.

Definition 2.18 (Ergodic Flow). For a chain M = (Q, P, ), the ergodic flow Q : B —
[0,1] is defined by
= P(u,v)dof(u)du
J, Jo g P02

The conductance of a set B is defined by, ¢(B) := Kg and the conductance of the chain
is

p(M)= min ¢(B).

0<m(B)< %
The following theorem which is an extension of the Cheeger’s inequality for the Markov

chains on a continuous space, relates the spectral gap to conductance.

Theorem 2.19 ([77]). For a chain M defined on a general state space with spectral gap A we
have

(P(TM)Z < A < 2p(M).
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Chapter 3

DETERMINANAL POINT PROCESSES: DEFINITION AND BASIC
PROPERTIES

Determinantal Point Processes (DPPs) are central objects of study in this thesis. In this
chapter, we formally define these probability distributions and their variants, and de-
scribe their basic properties.

Let )V be a mathematical space such as the real line, a ball or a discrete set. A point
process on domain ) defines a probability distribution on collection of points located on
Y. For simplicity, we first focus on the discrete case where ) is a discrete and finite set
of elements. A point process on such ) represents a probability distribution over 27,
which denotes the set of subsets of ). In this case, we sometimes refer to elements of )

as items.

3.1 Discrete Determinantal Point Processes

Without loss of generality assume Y = [N] = {1,2,...,N}. A discrete DPP can be

defined as follows.

Definition 3.1 (Discrete DPP). A discrete DPP on the set of elements [N] is a point
process y that can be identified by a PSD matrix L € RN*N such that for every S C [N],

H(S) o det(Ls) (3.1)
where Ls = [L;j]; jes is the principal submatrix of L indexed by S. The set [N] is referred
to as the domain of y, and the matrix L is also called the ensemble matrix for pi. Sometimes

it is also referred to as its kernel.
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Note that, we need L to be PSD to ensure all probabilities, which are proportional to
principal minors, are non-negative and the distribution is well-defined. To obtain the
probability of each subset with the above characterization, one also needs to obtain the
normalization constant of eq. (3.1), i.e. Ysc[njdet(Ls). This constant can be easily com-
puted as follows

Y det(Lg) = det(L+1I).
SCIN]

In the above I denotes the N x N identity matrix. So if p is a DPP defined by kernel L,

Clet(Ls)

then for any subset S of elements, the probability of choosing S is equal to Jet(L4T)"

In this manuscript, we stick to definition 3.1 for DPPs. However, there is an alternative
formulation of DPPs, sometimes used in the literature that we include as well to give

more context to readers.

3.1.1 An Alternative Formulation by Marginal Kernels

DPPs can be described in terms of marginal probabilities of items. Let S C [N] denote a
random subset drawn according to a point process y. One can use eq. (3.1) to show that
u is a DPP if and only if there is a PSD matrix K € RN*N < [ such that for every subset

A of elements, we have

P, [A C S] = det(Ky). (3.2)

This matrix K is called the marginalization kernel for u. Note that, The condition K < I
is essential to guarantee that marginal probabilities are at most 1. So in this formulation,
the probability that an element i € [N] is selected in the DPP sample is equal to the
corresponding diagonal element of Kj;. The kernel of yu, L, and K are related by the

following formula: K = L(L + I)~!. For a complete account of this formulation, see [72].
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3.1.2 DPPs and Diversity

As alluded to in the introduction, determinants, and in particular DPPs in machine
learning are mostly used to model diversity. As we saw, the relationship between the
volume and determinant can illustrate this tendency of DPPs toward diverse subsets of
items; in summary, let i be a DPP defined over set [N] via kernel L. Since L is a PSD
matrix, it follows from elementary linear algebra that it can be written as L = VVT for
some matrix V. In this setting, each row of V can be viewed as a feature vector, and the
probability assigned by p to each subset of items is proportional to the squared of the
volume of the corresponding feature vectors. So samples generated from yu tend to span

larger volumes, thus achieve higher probabilities.

A more systematic way to formalize diversity is through the notion of negative correlation.

Negative Correlation

Let i,j € [N] be two elements of the domain. We say they are negatively correlated with
respect to a point process p, if

Ps~puli,je S| <Ps~puli€S] - Ps~puljes] (3.3)
Or equivalently for a set S sampled from distribution y, the probability of having j in S
is smaller that its conditional probability when i is present in S. The above formalizes a
repulsive relation between these two elements. As it turns out, when y is determinantal

point processes, this relation holds for any pair of elements.

Fact 2 (Pairwise Negative Correlation in DPPs). Let u be a DPP defined on domain [N].
Then, any pair of elements are negatively correlated, i.e. eq. (3.3) holds for any pair i,j € [N].

Proof. To verify that eq. (3.3) holds for all pairs, we use the representation of y by its

marginal kernel. Let K denote the marginal kernel. The followings for an arbitrary pair
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i,j € [N] are immediate from eq. (3.2).
]Psfv“l/l[iES] = K;;

Ps~uljes] = K;;
and

K:

Kii Kij

i Kij ) 2
= KiiKj;j — Ki

il

P~ uli,j €S] det(
i,j
Now, it is easy to verify eq. (3.3) for i and j as replacing the RHS of above equations in
eq. (3.3), it reduces to
Ps~ pli € 5] P~ pilj € 5]~ Ps ~ uli,j € 8] = K 2 0,

which completes the proof. O

Therefore, in a DPP, all pairs of elements prefer not to be selected together, which resem-

bles a notion of diversity among items.

3.1.3 Basic Primitives for DPPs

DPPs are not the only family of probabilistic models which can theoretically characterize
the notion of diversity, but they are one of the most popular ones. A key factor which
makes them widely used is practice is that several basic operations and inference tasks
for these family of probability distributions are tractable, and admit efficient polynomial

time algorithm. We give a short introduction of a few of basic tasks for DPPs.

Marginalization. Given a probability distribution y, and a subset A of the sample space,
the marginal property of A, is the probability that it is contained in a sample generated
from p, i.e. Pg ~ p[A C S]. As explained in the previous section, marginal probabilities
of a DPP defined by kernel L can be expressed as principal minors of another PSD matrix
defined by K = L(L + I)~!. In other words, for any set A, the marginal probability of A
is proportional to det(K,) which suggests that given the DPP kernel, marginals can be

computed in time required to perform a matrix inversion.
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Conditioning. For a point process u on domain [N] and a subset A of the domain,
conditioning of y on subset A, defines a new point process on domain [N]\ A that
for any subset B C [N]\ A is defined by Ps ~ u[S=BUA|A € S]. We denote this
distribution by u| 4+ A nice structural property of determinantal point processes is that
they are closed under conditioning. In fact as we will explain later, this in fact holds for
a more general family of probability distributions known as strongly Rayleigh measures.

For DPPs, this can be understood more simply from a geometric point of view.

As stated, letting L = VVT implies that the probability that the DPP defined by L as-
signed to each subset is proportional to the square of the volume spanned by the paral-
lelepiped formed by the corresponding rows of V. For any subset S € [N] let Vs denotes
rows of V indexed by S. Also, for any set of vectors U, let VOL(U) indicate the volume of
the spanned parallelepiped. We ignore the formal proof here, but it is straight-forward
to verify the following: for any set S C [N]\ 4,
| 4(S) o< j(S U A) & VOL(V,) - VOL({IT,11 (0) boers).

A formal proof This implies that | 4 1s in fact the DPP defined by the projection of the
vectors in [N] \ A onto the space orthogonal to A.

3.2 k-DPPs

DPPs are probabilistic models which are widely used in practice to generate a diverse
sample of items. A limitation of DPPs in practice is that they can assign a non-zero
probability to every subset of items, and they do not offer any way to control the size of
the sampled set. For example, in order to use DPPs to select a diverse subset of results

to display on a search engine, the cardinality of the returned subset needs to be fixed.

Moreover, the way the diversity of subsets of items with different sizes is compared in
DPPs, is not what one naturally expect in the following sense: As we discussed, from
a geometric perspective, the diversity in DPPs is measured in terms of the notion of

volume; For two subset of items represented by sets of vectors A and B, the correspond-
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ing DPP assigns a higher probability to A if it spans a larger volume in the underlying
space. When A and B contain the same number of items, this seems a reasonable cri-
teria for diversity. However, it might not be a good candidate for comparing diversity
when these subsets have very different number of elements. To see that, |A| > |B| and
VOL(A) > VOL(B), thus the DPP assigns a higher probability to A. Now let see what
happens when we scale all the feature vectors by factor of « < 1; the volume of a subset
of size k, scales with a factor of ak which implies the volume of the subsets of larger
reduces by a larger factor. As a result, in the new DPP, B might have a higher probability.
This seems an undesirable property of the model, as one not expect that the relative

diversity changes with a scaling of feature vectors.

These observations suggest that to improve DPPs for modeling diversity, we need to add
some form of normalization or untangle the notion of size and diversity of a set. In [70],
they take the latter approach and introduce the notion of k-DPPs by conditioning a DPP

on returning subsets of size k.

Definition 3.3 (k-DPPs). For an integer k < n, and a DPP y, the k-DPP y; can be defined

as a probability distributions over subsets of size k S of the domain we have:

u(s) ISl =k
U (S) o
0 [S]#k
In other words, yy is a k-DPP defined by kernel L if for every subset S,
ur(S) = Ys'.|s'|=k det(Lg)
0 S| # k

Despite the fact that, k-DPPs are obtained from DPPs by imposing a simple cardinality
constraint, their mathematical properties can be very different. In particular, note that
a k-DPP is not an instance of DPPs, and one can observe that even the uniform distri-
bution on subsets of size k which is a very elementary k-DPP can not be expressed as a
DPP. Therefore, in order to be able to use k-DPPs in practice, we at least need to have

algorithms for the basic tasks. In the next part, we review some of the basic primitives
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for k-DPPs. For more details we refer readers to [72].

3.2.1 Algorithms for Basic Tasks for k-DPPs

Normalization: To compute the normalization constant of a k-DPP distribution, we need

to compute
Z det(L S’)'
S| S| =k
This can be done by examining the characteristic polynomial of L which is a uni-variate

polynomial defined by

n

pr(t) =det(tI — L) = J(t - A), (3.4)
i=1

where A; ... A, are eigenvalues of L. On the other hand, by definition of the determinant,

one can see that,
n

det(tI—L) =Y #"'(-=1)" Y det(Ls). (3.5)

i=0 se(IV)
Setting the coefficient of +"~* equal eq. (3.4) and eq. (3.5), one can see

Z det(le): Z H)\Z’,

S':|S"|=k se(IVyies
which is also known as the elementary symmetric polynomial of degree k Now, as shown

in [70], given the eigen-decomposition of L, one can compute the above in time O(Nk +

K2).

Marginalization. Fix a subset A with |A| < k. We are interested in computing Pg ~
1k [A C S] which is the probability that a sample generated from our k-DPP p contains
elements of A. If we denote the normalization constant of y by Zj, by definition of

we can write this probability as

1
Ps~mlACS] = —- Y., det(Lauy) (3.6)
¢ YE(@\\;?)
_ W- Y Ps~ulS=AUY], (3.7)
v
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where the second equality holds as the normalizer of the DPP u is det(L + I) as ex-
plained. Now, as we explained, the distribution of # conditioning of containing A can
be represented as another DPP, and the kernel of this projected DPP can be computed
by essentially a matrix inversion. Let p4 denote this distribution. We can compute

section 3.2.1 using the following equation

Y, Ps~u[S=AUY]= ) Ps~uslS=Y]
ve(i) ve(i)

Now, one can easily see the RHS of the above can be computed by computing the nor-

malizer of y4 and also the normalizer of the (k — | A|)-DPP obtained from p 4.
3.3 Strongly Rayleigh Measures

As alluded to, the key property of DPPs and k-DPPs which makes them plausible proba-
bilistic models to capture diversity is negative correlation, and its strongest form, negative
association. DPPs inherit this property from a more general family of distributions known
as Strongly Rayleigh (SR) distributions, which were first introduced and deeply studied
in the work of [20]. In this part, we define these distributions, and review their properties
which are useful to us in studying DPPs and k-DPPs. In order to define SR measures,

we first need to introduce the notion of generating polynomial for a point process.

Definition 3.4. Let u be a discrete point process on a domain with n elements. The
generating polynomial associated with y is a multi-affine polynomial p, over n variables

z1,...,2Zy which is defined as

S
pu(zi,- o z) = Y, u(S)z
Sesupp{p}
where we use the notation z° to denote [];cs z;. We also say py, is homogeneous polynomial

of degree k if each monomial is of degree k, i.e. any set in the support of u has exactly k

elements.

SR measures are defined as point processes whose generating polynomials belong to

a specific family of polynomials called real stable polynomials. For a complex number
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z € C let Im(z) show its imaginary part. A polynomial p with real-valued coefficients
defined over variables zj,...,z, is called a real stable polynomial if whenever for all
values of z; for 1 < i < n, we have Im(z;) > 0, then we can deduce p(z,...,z,) # 0. For
example the polynomial p(z) = Y} ; piz; for p; € Ry is real stable. This can be easily
verified by noting that Im(p(z)) > 0, if Im(z;) > O for all i. With this algebraic notion,

SR measures can be formally defined as:

Definition 3.5 (Strongly Rayleigh distribution). A point process y is a strongly Rayleigh

(SR) measure if and only if its generating polynomial p,, is a real stable polynomial.

Similar to the way we instantiate k-DPPs from DPPs, we can define k-homogeneous SR
measures as point processes whose generating polynomial is real stable and also homo-
geneous of degree k.

Perhaps the simplest examples of SR measures are product distributions which can be
defined as follows:

Product measures. Let [N] be a ground space and for each i € [N] consider an indepen-

dent Bernoulli distribution with probability g; € [0,1]. That is the probability assigned
to each subset S C [N] is p(S) = [Ties q: [Tjgs(1 — 9))-

Verifying that a product measure is an SR measures is straight-forward: Note that in
this case the generating polynomial is given by pu(z1,...,2zn) = [liepn)(9:zi + (1 — q:),
and this is a real stable polynomial as for any root of this polynomial we should have
gizi + (1 — g;) = 0 for some i which implies Im(z;) should be zero. However, for more
complex distributions such as DPPs, it might seem a very hard task to check whether
it is an SR measure by verifying the above criteria for real stability of its generating
polynomial. However, it turns out that this complex criteria for multivariate polynomials
can be reduced to a much simpler one for single variable polynomials. In particular, the

following alternative criteria for real stability is given in [20].

Lemma 3.6 ([20]). A polynomial p(z1,...,zn) with real coefficients is real stable if and only if
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for any e € R ) with positive coordinates and x € R", the univariate polynomial p(x + te) has

only real roots.

The above characterization can be used to conclude that DPPs are also belong to the

family of SR measures.
Theorem 3.7 ([20]). Any DPP is an SR measure.

They also show that SR measures are closed under truncation. Combining that with the

above, we get that k-DPPs are also instances of SR measures.
Corollary 3.8 ([20]). Any k-DPP is an SR measure.

This already shows the advantage of considering DPPs as SR measures for us, as it
allows us to apply SR properties for k-DPPs. On the other hand, the above is not true
for DPPs, that is to say k-DPPs can not be viewed as a DPP, and we can not extend DPPs
properties directly to k-DPPs. In the rest of this section, we describe some properties of
SR measures which are more important for us. We begin with negative association and,
[N]

then explain some closure properties of SR measures. In the rest of section, let y : 2

be an SR measure whose generating polynomial is p,,.

3.3.1 Negative Association

Earlier, we defined negative correlation for point processes and observe that DPPs satisfy
this condition. Negative association is a stronger form of negative correlation which was
introduced in [89]. We say an event A C 2[NT is increasing if it is closed upward under
containment, ie, if S € A, and S C T then T € A. Moreover, we say a function
f:2INl - R, is increasing if it is the indicator function of an increasing event. We say
u is negatively associated if for any pair of increasing functions f,g : 2N — R, which

are depending on disjoint sets of coordinates, we have

Ey [f]-Eulg] 2 Eu[f-g].
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To see negative association implies negative correlation for any pair of elements i,j &
[N], set f and g as functions indicating whether i and j belong to the set, respectively.
It is straight-forward to see these two are closed upward under containment and also
E,[f] =P,[i € S]and E, [¢] = P, [j € S] which completes the proof. Building on [89],
[20] proved that any strongly Rayleigh distribution is negatively associated.

Theorem 3.9 ([20]). Any strongly Rayleigh probability distribution is negatively associated.

This immediately implies DPPs and k-DPPs also satisfy negative association which is
their main property that we exploit to develop our sampling algorithm in chapter 4 and

chapter 5.

3.3.2  Closure Properties

In a brilliant sequence of papers Borcea and Brandén introduced a complete characteri-
zation of operators which preserve real stability of polynomials [19, 18]. Some instances
of these operators can be naturally explained as actions on the corresponding SR mea-
sure. Here we focus on those operators and state the resulting closure properties for SR
measures.

Conditioning. For any 1 <i < n, let X; be the random variable indicating whether i is
in a sample of u. We use y‘i := {p| X; = 1} to denote the conditional measure on sets
that contain 7 and p|; := {p|X; = 0}, to denote the conditional measure on sets that
do not contain i. It is shown that that strongly Rayleigh distributions are closed under

conditioning.

Theorem 3.10 (Theorem 2.5 of [20]). . For any SR distribution y and any 1 <i < n, y‘i and
y|; are also SR.

Projection. For a subset S C [N] define the projection of 1 S, | ¢ as measure on 2% which
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the probability that assigns to any A C S is

uls(A)y= Y uB).

BC[N]:BNS=A
From the properties of real stable polynomials, it is easy to see that | ¢ is also SR.

Truncation. For an integer 1 < m < N, the truncation of y to subsets of size m is the
conditional measure on subsets of size m. In other words, if we denote it by i, for any
S C [N] we have

0 |S| #m

Um(S) o )
#(S) otherwise

3.4 DPPs on a Continuous Domain

Recall that, discrete k-DPPs are in fact random processes that select a subset of k points
from a finite ground set, each with probability proportional to the determinant of the cor-
responding sub-matrix of the kernel. Similarly, continuous k-DPPs can be defined over
a continuous domain via a PSD operator under some conditions which are covered in
section 3.4.1. In order to give a mathematically precise definition of continuous k-DPPs,
we need to introduce some operator theory nuances that we ignore, since the following
simpler definition of continuous k-DPPs suffices to understand this thesis. Interested

readers can found more details about continuous DPPs in [57].

Definition 3.11 (continuous k-DPP). Let A C R? be a closed subset of the d-dimensional
euclidian space, and let L : A x A — IR be a PSD operator defined on this domain. Con-
tinuous k-DPP defined on the ground set A by the ensemble kernel L is a distribution 7t
supported on set of k-points in A that satisfies the following condition: For any mutually
disjoint family of compact subsets Dy,..., Dy C A,

P [one point is selected from each D;] /D1. x /Dk dLet(xl, oo, X )dxy L dxy

where dety (x1, . .., x;) refers to the determinant of the k x k matrix given by {L(x;, xj}1<; j<k-

Examples. Here, we present some of the PSD operators which are commonly used as
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kernels.

—lx—al?

2 ) be a multi-variate

e Gaussian quality and similarity kernel: Let ¢(x) = exp(
Gaussian distribution with mean a € R¥ and variance ¢ > 0. Also let K : R? x
R? be a Gaussian kernel defined by K(x,y) = exp(M). Then one can use
L(x,y) = ¢(x)K(x,y)¢(y) to define a k-DPP over any subset of R?. Intuitively
speaking, here ¢ gives a quality score to each point based on its distance from the

center 4 and K captures diversity of selected points in the k-DPP. This is why ¢ is
called the quality kernel and K is the similarity kernel.

e Polynomial kernel: Another widely used family of kernels are polynomial kernels.

For an integer /, the polynomial kernel of degree ¢ is defined by
P(x,y) = (1+(x,y)"

More generally, in the next part we describe minimal requirements for a function to

define a k-DPP on a continuous domain.

3.4.1 Necessary Conditions for a Continuous DPP Kernel

Let L : A x A — R be a continuous function, and let 77, be its corresponding Hilbert-
Schmidt integral operator which for any function f € L?(A) is given by

L)) = [ Lxy)f)dy.
We may abuse the notation and use L to also represent the corresponding integral oper-

ator. Function L needs to satisfy the following to define a DPP.

1. L is a symmetric function, i.e. for any x,y, L(x,y) = L(y, x). This also implies L is

self-adjoint which means for any f, g € L2(A), we have (Lf,g) = (f,Lg).

2. Tp is a Hilbert-Schmidt kernel which means [, [, ||L(x,y)|]?dxdy < co. And most
importantly
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3. L satisfies Mercer’s condition: Any restriction of L to a finite domain gives a PSD
matrix, i.e. for any n, and xi,...,x, € A and any set of values cy,...,¢c;, € R, we
have ZZj:l L(xj,xj)cic; > 0. This along with continuity of L implies that 7 is a
PSD operator. Therefore, there is a function f that maps any point in A to some

Hilbert space such that for any x,y € A:

L{x,y) = (f(x), f(¥))-

One important consequence of the above conditions is the Mercer’s theorem which es-
sentially is a generalization of the eigenvalue decomposition for PSD matrices in the

continuous domain.

Theorem 3.12 (Mercer’s theorem). For any functions L satisfying the conditions (1)-(3) there
is a countable system of eigenspaces and eigenvalues, i.e. there are non-negative eigenvalues

A, Ag ..., and {¢;}2, C L*(A) where for any x and y
L=) Aigi(x)iy)-
i=1
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Chapter 4

MCMC ALGORITHMS FOR SAMPLING FROM DISCRETE K-DPPS
AND HOMOGENEOUS SR MEASURES

4.1 Introduction

Although, k-DPP are obtained from DPPs by a simple truncation operation, in contrast
to DPPs, mathematics of k-DPP can be very different. In particular, it turns out that a
k-DPP distribution may not be representable as a DPP. Perhaps, the simplest example is
the k-uniform distribution over a set of n elements. Although the uniform distribution
over n elements is a DPP, for any 2 < k < n — 2, the corresponding k-DPP is not a DPP
[72, Section 5]. To study sampling algorithms for k-DPPs, we appeal to properties of a
broader family of probability distributions known as Strongly Rayleigh (SR) measures
(see definition 3.5 for the definition). These generalization of DPPs, are introduced and

deeply studied in the work of [20]. Most importantly to us it is shown in [20] that
1. unlike DPPs, SR measures are closed under truncation.

2. similar to DPPs, they satisfy strongest form of negative dependence, a.k.a. negative

association.

These negative dependence properties were recently exploited to design approximation

algorithms [102, 105, 7].

We use these properties (crucially item 2) to study sampling algorithms for k-homogeneous
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SR measures', which are a generalization of k-DPPs. We prove that the “natural” Metropolis-
Hastings Markov Chain defined on the support of these distributions mixes rapidly. Let
7t be k-homogeneous SR measure on domain [N], i.e. 77 is the truncation of a SR measure
to subsets of size k from [N]. We analyze the mixing time of the following Markov chain:
The state space of M is supp(7) and the transition probability kernel P is defined as
follows. We may drop the subscript if 77 is clear from the context. For a set S C [N] and
i € [N], let

s—i = S\{i},

S+i = Su{i}.
In any state S, choose an element i € S and j € S uniformly and independently at

random, and let T = S — i + j; then
i) If T € supp{7}, move to T with probability 3 min{1, 7(T)/r(S)};
ii) Otherwise, stay in S.

Our main contribution is to analyze the mixing time of the above chain.

4.1.1 Sampling from Discrete k-DPPs

Generating a sample from a k-DPP is a fundamental computational task with many
practical applications [66, 35, 72]. Moreover, as pointed out, DPPs can have geometric
interpretation as well: Given a set of vectors, the probability that a k-DPP assign to a
subset of vectors size k is proportional to the volume of k-dimensional parallelogram
formed by them. With this terminology, the problem of sampling from k-DPPs is also

known as the k-volume sampling.

Definition 4.1 (k-volume Sampling). We are given a matrix V € R"*™, an integer k,

and we want to choose a set S C [n] of k rows of X with probability proportional to

! As explained, these are truncation of SR measures to subsets of size k.
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det( VS, [m} , VT

S [m]), where Vs 1,1 is the submatrix of V with rows indexed by elements of
S.

Therefore, if L is the ensemble matrix of a given k-DPP 71, and L = V' VT is the Cholesky
decomposition of L, then the k-volume sampling problem on X is equivalent to the
problem of generating a random sample of 7r. This is a well-studied problem due to
its connections to low-rank approximations of matrices, e.g. see [66, 23, 35, 36, 37]; it
is shown in [35] that generating a sample of k rows of V from this distribution and
projecting all other rows of onto their span gives a (k + 1)-approximation to the nearest

rank-k matrix to V under the Frobenius norm.

The first type of algorithms developed for sampling from discrete k-DPPs are spectral
methods, e.g. see [58, 35, 72]. These methods can generate exact samples from the
distribution. However, they are only efficient when this matrix V is known, otherwise a
time consuming preprocess is required to decompose L- especially for high rank matrices
- and obtain V which makes them inefficient in terms of time and memory for many DPP
applications. In particular, when the input k-DPP is given by its ensemble kernel L, the
spectral method of [35] needs O(knm® logn), for w =~ 2.37 being the constant for matrix

multiplication, to execute?.

Given the limitation of spectral techniques, it was asked by [35] to generate random
samples of a k-DPP using Markov chain techniques. Markov chain techniques are very

appealing in this context because of their simplicity and efficiency.

There has been several attempts [65, 83, 109] to upper bound the mixing time of the
Markov chain M for a k-DPP 7t; but, to the best of our knowledge this question is still
open’. Here, we design the first rigorously analyzed MCMC algorithms for sampling

2We remark that the algorithms in [35] are almost linear in n when V is given.

3We remark that [65] claimed to have a proof of the rapid mixing time of a similar Markov chain. As it is
pointed out in [109] the coupling argument of [65] is ill-defined. To be more precise, the chain specified



46

from discrete k-DPPs by upper-bounding the mixing time of M .

4.1.2 Results

It is straight-forward to see that M, is reversible and 77(.) is the stationary distribution
of the chain. In addition, Brandén showed that the support of a (homogeneous) strongly
Rayleigh distribution is the set of bases of a matroid [24, Cor 3.4]; so M is irreducible.
Lastly, since we stay in each state S with probability at least 1/2, M is a lazy chain.

In our main theorem, we analyze the “spectral gap” of M, and combining with the
above facts conclude that for any state S € supp(m), if we start M, from a state S,
1

then after poly(N,k, log(m)) steps we obtain an e-approximate sample of the input

homogeneous SR distribution. Formally we prove the following theorem.

Theorem 4.2. For any strongly Rayleigh k-homogeneous probability distribution 7t : 2Nl —
Ry, S € supp{m} and e > 0,
Ts(€) < 1 1 _ 1
s\€)=7¢, e-n(S))’
where P!(S,.) be the distribution of M started at S at time t and

Cpi= i P(S,T),P(T, S 4.1
S/T:%ﬁ}bomw(( ),P(T,S)) (4.1)

is at least ﬁ by construction.

See section 2.2 for the definition of mixing time. We remark that the homogeneity as-
sumption is necessary for the above theorem. The mixing time of Markov chain is closely
related to their Poincaré constant and the relationship is given by the classical theorem
theorem 2.13 of Diaconis and Stroock. Using that, to prove theorem 4.2 we only need to

prove the following theorem.

Theorem 4.3. For any k-homogeneous strongly Rayleigh distribution 7 : 2IN — R, the

in Algorithm 1 of [65] may not mix in a polynomial time of n. The chain specified in Algorithm 2 of
[65] is similar to M, but the statement of Theorem 2 which upper bounds its mixing time is clearly
incorrect even when k = 1.
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Poincaré constant of the chain My is at least

A > Cp.

Discrete k-DPPs are special cases of k-homogeneous SR measures. So, we get the follow-

ing corollary.

Corollary 4.4. For any k-DPP 7, S € supp(7t) and € > 0,
1 1
<~ log | ——).
TS(E) = C, 08 (€~7T(S))

Suppose we have access to a set S € supp{m} such that 77(S) > exp(—n). In addition,
we are given an oracle such that for any set T & (I,\J ), it returns 77(T) if T € supp(7r) and
zero otherwise. Then, by the above theorem we can generate an e-approximate sample
of k-homogeneous SR measures with at most poly(N, k,log(1/¢€)) oracle calls. For k-
DPPs, we provide these oracles and conclude M can be used to efficiently generate an

approximate sample of 7. More precisely we prove the following theorem.

Theorem 4.5. Given kernel L of a k-DPP m, for any € > 0, there is an algorithm that generates
an e-approximate sample of 7t in time poly(k)O(nlog(n/€)).

Note that in order to run the Markov chain M, it is only enough to have an algorithm
that given any pair of subsets T,S € (UI\J]), computes the ratio % For k-DPPs it only
requires computing the determinant of two k x k matrices which can be done in time
O(k®). Therefore, to obtain an actual algorithm and prove theorem 4.5 it remains to
design an oracle to find a proper starting state; We need to generate a set S € supp(7)
such that 77(S) is bounded away from zero, perhaps by an exponentially small function
of n,k. We use the greedy algorithm 4.1 to find such a set, and we show that, in time

O(n)poly(k), it returns a set S such that

1 2k



48

Algorithm 4.1 Greedy Algorithm for Selecting the Starting State of M
1. SO

2: fori=1tokdo

3:  Among all elements j ¢ S pick the one maximizing det(Ls;) and let S - S +j.
4: end for

5. Return S.

It remains to analyze Algorithm 4.1. This problem is already studied by [31] in the
context of maximum volume submatrix problem. In the maximum volume submatrix
problem, given a matrix X € R"*™, we want to choose a subset S of k rows of X max-
imizing det(Xg [ X;[m]). Equivalently, given a matrix L = XXT, we want to choose
S C [n] of size k maximizing det(Lg). Note that if L is an ensemble matrix of a k-DPP 7,

then

maxq_; det(L
max 77(S) = si=k det(Ls) > 1 >n

k
|| =k Ys|—kdet(Ls) ~ [supp(m)| =

The maximum volume submatrix problem is NP-hard to approximate within a factor
ck for some constant ¢ > 1 [32]. Numerous approximation algorithm are given for this
problem [31, 32, 99]. It was shown in [31, Thm 11] that choosing the rows of X greedily
gives a k! approximation to the maximum volume submatrix problem. Algorithm 4.1
is equivalent to the greedy algorithm of [31]; it is only described in the language of

ensemble matrix L. Therefore, it returns a set S such that
max|r|—k det(L7) 1
k!'Yr)=x det(Lt) — k!|supp(7)]
which establishes eq. (4.2). The complete algorithm can be summarized as follows:
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Algorithm 4.2 An MCMC algorithm to generate approximate samples from k-DPPs
1: Input: A k-DPP 7t on [N] defined by kernel L € RN*N,

2: Use algorithm 4.1 to find a starting subset S.
3: fori = 1 to Ts(€) = O(nklogl) do Choose an element i € S and j ¢ S uniformly
and independently at random, and let T = S — i 4 j; then
i)If T € supp(m), move to T, ie. set S < T, with probability
Tmin{1, 7(T)/7(S)}.
ii) Otherwise, stay in S.
4: end for

5. Return S.

Overall Running Time. Note that the number of steps as bounded by corollary 3.8 is
O(nklogl), and the complexity of each step is O(k®). So the total running time of the

algorithm to generate an e-approximate sample is O(nk*log 1).

4.1.3  Proof Overview

In the rest of the paper we prove theorem 4.2. To prove theorem 4.2, we lower bound
the spectral gap, a.k.a. the Poincaré constant of the chain M and prove theorem 4.3. To
lower bound the spectral gap, we use an extension of the seminal work of [47]. Feder
and Mihail showed that the bases exchange graph of the bases of a balanced matroid is
an expander. This directly lower bounds the spectral gap by Cheeger’s inequality. A
matroid is called balanced if the matroid and all of its minors satisfy the property that
the uniform distribution of the bases is negatively associated (see section 3.3.1 for the

definition).

Our proof can be seen as a weighted variant of [47]. As we mentioned earlier, the support
of a homogeneous strongly Rayleigh distribution corresponds to the bases of a matroid.

Our proof shows that if a distribution u over the bases of a matroid and all of its con-
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ditional measures are negatively associated, then the MCMC algorithm mixes rapidly.
To show that y satisfies the aforementioned property we simply appeal to the negative
dependence theory of strongly Rayleigh distributions developed in [20]. Although our
proof can be written in the language of [47], we work with the more advanced chain de-
composition idea of [63] to prove a tight bound on the Poincaré constant; see section 4.2

for the details.

We remark that the decomposition idea of [63] can be used to lower bound the log-Sobolev

constant of M u- However, it turns out that in our case, the log-Sobolev constant may

1
- log(minS»Esupp{y} I (S

bounded as a function of k, 1, the L, mixing time of the chain may be unbounded.

be no larger than

ik Since the latter quantity is not necessarily lower-

4.2 Decomposable Markov Chains

Let M be a Markov chain on a finite space identified by (Q2, P, 7r) which respectively de-
note the state space, transition probability matrix, and the stationary distribution. Recall
that a M is reversible if for any pair of states x,y € Q, (x)P(x,y) = n(y)P(y,x). In

this chapter we only work with reversible Markov chains.

Our main tool to lower bound the Poincaré constant of M is the decomposable Markov
chain technique due to Jerrum, Son, Tetali and Vigoda [63]. Roughly speaking, they con-
sider Markov chains that can be decomposed into “projection” and “restriction” chains.
They lower bound the Poincaré constant of the original chain assuming certain properties

of these projection/restriction chains.

Let Qg U ) be a decomposition of the state space of a Markov chain (Q, P, 1) into two

disjoint sets*. For i € {0,1} let

xeQ);

“Here, we only focus on decomposition into two disjoint sets, although the technique of [63] is more
general.
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and let P € R?*2 be

PGi,j)=n@)~" Y} #(x)P(xy).

eri,yGQ]-

The Markov chain ({0,1}, P, 77) is called a projection chain. Let A be the Poincaré con-

stant of this chain.

We can also define a restriction Markov chain on each (); as follows. For each i € {0,1},
P(x,y) if x £y,

P(x,x) + Yo¢n, P(x,z) ifx=y.
In other words, for any transition from x to a state outside of (};, we remain in x. Ob-

Pi(x,y) =

serve that in the stationary distribution of the restriction chain, the probability of x is
proportional to 77(x). Let A; be the Poincaré constant of the chain (Q);, P;,.). Now, we are

ready to explain the main result of [63].

Theorem 4.6 ([63, Cor 3]). If for any distinct i,j € {0,1}, and any x € Q);,
P(i,j) = Y P(xy), (4.3)

yGQj
then the Poincaré constant of (Q), P, 7t) is at least min{A, Ao, A1 }.

Note that the projection chain in this case is a Markov chain with only two states. The
spectral gap of Markov chains with two states can be easily calculated. In particular, we

use the following.

Fact 7. The Poincaré constant of any reversible two state chain with Q) = 0,1 and P(0,1) =

c-m(1)isc.

Proof. Consider any function f. Since var(f) is shift-invariant, we can assume E [f] = 0,
ie, m(0)f(0) = —m(1)f(1). Since % is invariant under the scaling of f, we can
assume f(0) = (1) and f(1) = —m(0). Since the chain is reversible P(1,0) = ¢ - 7t(0).

Plugging this unique f into the ratio we obtain A = c. O
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4.3 Inductive Argument

In this section we prove theorem 4.3. Throughout this section we fix a strongly Rayleigh
distribution 7, and we let (), P be the state space and the transition probability matrix of

M.

We prove theorem 4.3 by induction on [supp(7)|. If [supp(7r)| = 1, then there is nothing
to prove. To do the induction step, we will use theorem 4.6. So, let us first start by
defining the restriction chains. Without loss of generality, perhaps after renaming, let n
be an element such that 0 < Ps ~ w[n € S| < 1. Let Q9 = {S € supp(m) : n ¢ S}
and ()1 = {S € supp(7) : n € S}. Note that both of these sets are nonempty. Observe
that the restricted chain (Qo, Py, .) is the same as M and ()4, Py,.) is the same as
Mz, In addition, by theorem 3.10, 7|7 and 7|, are strongly Rayleigh, and also clearly

Cn|n, Cﬂ|ﬁ > Cy. So, we can use the induction hypothesis to lower bound Ag, A; > Cy.

It remains to lower bound the Poincaré constant of the projection chain and to prove
equation (4.3). Unfortunately, P does not satisfy (4.3). So, we use an idea of [63]. We
construct a new Markov kernel P satisfying (4.3) such that (i) P has the same stationary
distribution. (ii) The Poincaré constant of P, A lower-bounds A. Then we use theorem 4.6

to lower bound A.

To make sure that P satisfies (i), (i), it is enough that for all distinct states x,y € (),
m(x)P(xy) = m(y)P(y,x), (44)
P(x,y) < P(xy). (4.5)
Equation (4.4) implies (i), i.e., that 77 is also the stationary distribution of P. By an
application of the comparison method [40] (i) together with (4.5) implies (ii), i.e.,
A <A (4.6)
So, to prove the induction step, it is enough to show that

A > Chr. (4.7)



53

Lemma 4.8. There is a transition probability matrix P : Q0 x Q — R such that
1) P satisfies (4.4), (4.5).
2) Foranyi € {0,1} and any distinct states x,y € Q;, P(x,y) = P(x,vy).
3) The Poincaré constant of the chain (Q}, D, 7t) projected onto Oy, )y is at least A > Cp,

4) For any state x € supp(7) and distinct i,j € {0,1},
Blij) = ¥ P(x,y).
yeQ,;
Before proving the above lemma, we use it to finish the proof of the induction. By part
(2), P agrees with P on the projection chains. Therefore, the Poincaré constants of the
chains (Q, Py,.) and (Qy, P;,.) are at least Ag,A; > Cy. So, by parts (3) and (4) we can
invoke theorem 4.6 for P and we get that
A > min{/;\, 5\0,;\1} > Cy.
This proves (4.7). As we discussed earlier, part (1) implies (4.6) which completes the

induction.

4.3.1 Proof of lemma 4.8

In the rest of this section we prove lemma 4.8. Note that the main challenge in proving
the lemma is part (4). The transition probability matrix P already satisfies part (1)-(3).
The key to proving part (4) is to construct a fractional perfect matching between the states
of ()p and (y; see the following lemma for the formal definition. This idea originally

was used in [47] and it was later extended in [62].

Lemma 4.9. There is a function w : {{x,y} : x € Qo,y € M} — Ry such that wy,,, > 0
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only if P(x,y) > 0 and

Z Wixyy = 71’(9() Vx € Q,

yet () 4.8)
_ ni(y) '
xGZQO ZU{x,y} = 71’(01) V]/ - Ql.

We use the negative association property of the strongly Rayleigh distributions to prove

the above lemma. But before that let us prove lemma 4.8.

Proof of lemma 4.8. We use w to construct P. For any i,j € {0,1} and x € Q; and y € Q;

where x # y, we let

A Cn_rr () (O )w ifi 7,
P(x,y): 7(x) ( ) ( ]) {x,y} 7&]

P(x,y) otherwise.
We also set P(x,x) =1 — Yy£xeQ P(x,y) for any x € Q. Note that by definition part (2)

is satisfied. First we verify part (1). If i # j, then

P(x,y)7(x) = Cor(O) (w01 = Py, 0)7(y),
and if i = j the same identity holds because P(x,y) = P(x,y). This proves (4.4). To see
(4.5), let x € (), y € Q); be two distinct states. First note that WLOG we can assume i # j

and P(x,y) # 0; otherwise clearly P(x,y) = P(x,y). So we have

Pry) = %-n(ommnwm

max(P(x,y), P(y, %))

7T(x) H(Qi)ﬂ(ﬂj)w{x,y}
< max(P(x,y), P(y,x)) - mm(nﬁz;n(y)) < P(xy).

The first inequality follows by the definition of C; (see (4.1)), and the second inequality

follows by the fact that wy, 1 < % and wy, 1 < %, and the last inequality follows

by the detailed balanced condition. This completes the proof of part (1).
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Next, we prove part (3). By the definition of P, for distinct i,j € {0,1} we have
1

ﬁ(i;j) = () QZ o n(x)p(X,y)
1 xeQyeq)
_ nf&) QZ ) () 7t(Q)w(x, y)
1 xeQ)ye i
= Com(@) T 2k = Coe (),

where the second to last equality follows by (4.8). By Fact 7, the Poincaré constant of
P = C. This proves part (3).

Finally we prove part (4). Fix distinct i,j € {0,1} and z € ();. We have,
A C
Y. P(zy) = Fz)n(ﬂi)n(ﬂj) Y. Wiy = Cr-7(QY),
]/EQ]' yEQj

where we used (4.8). On the other hand, by the definition of P we know that

P = = L m0b) = Cron(0) B Tk = Cae (),

where the second equality follows by (4.8). This completes the proof of part (4) and
lemma 4.8. O]

It remains to prove lemma 4.9. For a set A C () let

N(A)={ye Q\A:3Ix € A, P(x,y) >0}.
To prove lemma 4.9 we use a maximum flow-minimum cut argument. To prove the claim
we need to show that the support graph of the transition probability matrix P satisfies
Hall’s condition. This is proved in the following lemma using the negative association
property of strongly Rayleigh measures. The proof is simply an extension of the proof

of [47, Lem 3.1].

Lemma 4.10. For any A C (),

n(N(4))  n(4)
w(Qg) — w(q)

Proof. Let R ~ 7T be a random set. Recall that Q)9 = {S € supp{n} : n ¢ S} and
Oy = {S € supp{r} : n € S}. Let ¢ be a random variable indicating whether n € R. Let
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f be an indicator random variable which is 1 if there exists T € A such that R O T\ {n}.
It is easy to see that f and g are two increasing functions which depend on two disjoint

sets of elements. By the negative association property, theorem 3.9, we can write

P [f(R) = 1|g(R) = 0] > P [f(R) = 1|g(R) = 1].

The lemma follows by the fact that the LHS of the above inequality is HSE](()?))) and the

. A
RHS is 74 O

Proof of lemma 4.9. Let G be a bipartite graph on (g U (1 where there is an edge between
x € O and y € O if P(x,y) > 0. We prove the lemma by showing there is a unit flow
from () to g such that the amount of flow going out of any x € () is ((Q)) and the

incoming flow to any y € () is ﬂ(gg). Then, we simply let wy, .\ be the flow on the edge

connecting x to y.

Add a source s and a sink f. For any x € (); add an arc (s,x) with capacity csx =
mw(x)/t(€)y). Similarly, for any y € Qp add an arc (y, t) with capacity ¢, = 7(y)/(Qp).
Let the capacity of any other edge in the graph be co. Since the sum of the capacities of
all edges leaving s is 1, to prove the lemma, it is enough to show that the maximum flow
is 1. Equivalently, by the max-flow min-cut theorem, it suffices to show that the value
of the minimum cut separating s and ¢ is at least 1. Let B, B be an arbitrary s-t cut, and
assume that s € Band t € B. Let By = QN B and B; = O; N B. For disjoint X,Y C Q,
let ¢(X,Y) = Yyexyey Cxy- We have
¢(B,B) > c¢(s,Q1\ By) +c(By,t)

(1 \ By) n 71(By)

() (o)
_ By By o A(N(B) | 7(Bo)
() 7(Qo) m(Qo) ()’

where the inequality follows by lemma 4.9. If there are any edge from B; to )y \ By, then
¢(B,B) = o and we are done. Otherwise, N(B;) C By. Therefore, 7(N(B)) < 7t(Byp),
and the RHS of the above inequality is at least 1. So, ¢(B, B) > 1 as desired. O

(4.9)
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Chapter 5

A POLYNOMIAL TIME MCMC METHOD FOR SAMPLING FROM
CONTINUOUS K-DPPS

In this chapter, we study the Gibbs sampling algorithm for discrete and continuous
k-DPPs. We show that in both cases, the spectral gap of the chain is bounded by a
polynomial of k and it is independent of the size of the domain. As an immediate
corollary, we obtain sublinear time algorithms for sampling from discrete k-DPPs given
access to polynomially many processors. In the continuous setting, our result leads to
the first class of rigorously analyzed efficient algorithms to generate random samples
of continuous k-DPPs. We achieve this by showing that the Gibbs sampler for a large
family of continuous k- DPPs can be simulated efficiently when the spectrum is not

concentrated on the top k eigenvalues.

5.1 Introduction

The exact definition of continuous DPPs was presented in section 3.4; as stated, the major
difference with discrete DPPs is that these distributions are defined on a subset of R?
via a PSD integral operator instead of a PSD matrix. A simple and widely used example
of such kernels is symmetric Gaussian also known as radial basis function (RBF) kernel.
For a parameter ¢ > 0, a symmetric Gaussian kernel g, : R? x RY — R is defined by

lx—yl2
go(x,y) = exp(—1240),

Continuous DPPs naturally arise in several areas of Physics and Math; To name a few ex-

amples, eigenvalues of random matrices [85, 50], zero-set of Gaussian analytic functions
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[106] are families of DPPs; also, see [75] for applications in statistics and [17] for connec-
tions to repulsive systems. However, their applications is not limited to just theoretical
fields. Recently they have found several applications in machine learning as well; In [2],
approximate samples from continuous k-DPPs are drawn to generate initial seeds for the
k-means clustering algorithm. As they observed the diversity of DPP samples leads to
better recovery of the underlying ground truth clusters. They have also been used for
learning and tuning parameters of different learning models, e.g. learning parameters

of generative mixture models [107, 74], tuning the hyper-parameters of a deep network

[42].

The wide range of applications of continuous DPPs and k-DPPs motivates designing
efficient learning and inference primitives for them. As explained in the previous chapter,
in the discrete setting several efficient algorithms have been discovered for sampling
[57, 83, 37, 6], marginalization [21], conditioning [72], and many other inference tasks.
On the other hand, in the continuous domain, despite previous efforts [111, 76, 54, 56],
there has been much less progress. In this work we study sampling algorithms for
continuous k-DPPs. The sampling task for these distribution can be formally formulated

as follows:

Sampling from continuous k-DPPs. Let 7 be a continuous k-DPP on domain C C R
with kernel L. Recall that u is a distribution on the subsets of size k of C, that we
call k-points of C and a sample xy,...,x; € C is generated from 7 if for any collection
of non-overlapping sets By, ..., By C C, the probability that there exists a permutation
oc:{1,...,k} = {1,...,k} that forany 1 <i <k, x; € B, is proportional to
/ det(zl,...,zk)dzl...dzk.
By B, L
Here we do not need to find the normalizer of this distribution, as we are only interested

in (approximate) samples from the distribution. Note that, devising such algorithms in

full generality is not well-defined, since such an algorithm would depend on how the
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input kernel L is represented. Therefore, the main question is that, in what settings the
sampling can be done efficiently. We propose an MCMC based approach by analyzing
the so-called Gibbs sampler chain for continuous k-DPPs. Our main contribution is to
show that this chain mixes in polynomial time in total variation distance, which implies
simulating it yields a polynomial time algorithm for sampling from continuous k-DPPs.
Next, we show that, given a “conditional sampling oracle” for a kernel L (definition 5.3),
one can simulate the chain efficiently. Finally, we suggest that a simple rejection sampler

can be used as the oracle to run the chain efficiently for several kernels of interest.

5.1.1 previous work

As explained in the previous section, the first type of sampling algorithms proposed for
the discrete DPPs were spectral algorithms. The basic idea is introduced by [57] which
given the eigen-decomposition of the kernel leads to a two-step sampling algorithm:
Firstly, a set of eigen-vectors of the kernel is generated from a probability distribution
driven from the eigenvalues. In the second step, a subset of points in the domain is
sampled recursively based on selected eigen-vectors in the previous step. Although, a
natural generalization of this scheme provides a theoretically correct and exact sampling
method for continuous DPPs, there are several challenges to turn it into a practical

algorithm:

1. A general continuous kernel does not have a finite eigen-decomposition representa-
tion. As suggested by [76] and [54], a heuristic is to find a finite rank approximation
of the original kernel. [54] applies Nystrom method, and random Fourier feature
transform to find a low rank approximation of the kernel. However, to the best of
our knowledge, there is no universal bound on the total variation distance of the
approximated kernel and true underlying DPP kernel, because generally speaking,
to project the DPP kernel onto a lower dimensional space, these methods minimize

the error with respect to a matrix norm, rather than the DPP distribution.
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2. Even given a proper low rank approximation of the kernel with small error, im-
plementing the second phase of the algorithm is not tractable in general, as it
requires computationally integrating certain functionals of the eigenvectors over
a continuous space. To bypass this, [54] suggests an analytical approach which
first computes a dual kernel by analytically integrating the functionals. Such a
method can only be employed if the eigenvectors of the approximated kernel are

well-understood and integrable.

Another type of algorithms which give fast, and practical sampling algorithms for dis-
crete DPPs and k-DPPs are MCMC based methods. In the previous chapter, we show
how a Metropolis-Hastings algorithm can be used to generate approximate samples from
discrete k-DPPs in time O(n)poly(k), where n is the size of the domain, However, prior
to this work, such an MCMC algorithm with a provable guarantee is not known for the
continuous setting; in an attempt [57] provides empirical evidence that Gibbs sampling
is an efficient algorithm to generate samples from continuous k-DPPs in many cases.

However, they do not provide any rigorous justification.

It is also worth mentioning that [56] claims to devise an algorithm to generate exact
samples for specific kernels (including Gaussian), yet a careful look at their method

would reveal a major flaw in their argument '.

5.1.2 Our Results

First, we formally define the lazy Gibbs sampler chain that we use for sampling from
continuous k-DPPs. Let 7 be a k-DPP defined by a kernel L : C x C — R for C € R%.
Given a state {xy,...,x;}, the Gibbs sampler M at each step evolves mas follows: With
probability half stays at the current state. Otherwise, a point x; € {x1,...,x¢} is chosen

uniformly at random, and is replaced by y € C sampled from the conditional distribution

The distribution that they consider as the conditional distribution of the k-DPP is in fact equivalent to
our notion of conditional distribution of the kernel (see Definition 5.3)
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whose PDF, f , is defined by
f(y) o dLet(xl, e Xil 1, Y X1 ey XE)-
Our main contribution is that the above-defined Gibbs sampler mixes rapidly in a time

which is only a function of k, in both discrete and continuous settings.

We prove the following bound on the mixing time of the Gibbs sampler for continuous

k-DPPs and, its analogue for discrete k-DPPs.

Theorem 5.1. Let M be the Gibbs sampler for a k-DPP 7. If we run the chain starting from an
arbitrary distribution uo, for any € > 0 we have

Varn(%)

Tin€) < O(K*) -log

In the above theorem, fr and f,, refer to the probability density functions for 7z and
1o, respectively. Moreover, T, (€) denotes the mixing time for the chain started from py.
To prove this theorem, we analyze the conductance of the Gibbs samplers k-DPPs (see
theorems 5.6 and 5.11), and apply the well-known connection between the conductance

and mixing time.

Applications for Discrete k-DPPs. In this case, to find a proper starting state of the
chain, we can use the greedy algorithm for determinant maximization (algorithm 4.1)
which returns a state, a subset of C of size k S, where 7(S) > %,’ starting from such
state S, the chain generates e-approximate samples after O(k>) steps. Moreover, for a
k-DPP over N elements, one can note that to simulate one step of the chain, it is enough
to compute the determinant of at most N k x k submatrices. Therefore, using the Gibbs
sampler, approximate samples from a k-DPP can be generated in time O(N) - poly(k).
As a sequential algorithm, this algorithm does not improve the running time of the
Metropolis-Hastings algorithm presented in chapter 4. However, since the mixing time

is independent of N, it can lead to sublinear time sampling algorithms in distributed

models of computation. The following corollary is an immediate naive consequence of
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this fact.

Corollary 5.2. Given access to NJ processors for some & > 0, an approximate sample of a k-DPP

defined on domain of size N can be generated in time O(N'~%) - poly (k).

On the other hand, for continuous k-DPPs, to turn the above result into an efficient
algorithm, finding a good starting distribution yp which makes the log variance term in
the bound of theorem 5.1 polynomially small is more elusive. We also need to have an
algorithm to simulate the Gibbs sampler. To do both of these, we require the DPP kernel

to be presented to us by a conditional sampling oracle, defined as follows.

Definition 5.3. For a kernel L : C x C — R and a subset S C C, we define (S, L)-
conditional distribution to be a distribution on C defined by the PDF function f : C — R
given by

f(x) o dLet(S Ux}),

and zero if x € S. We denote this distribution by CD(S). We say an algorithm is an
CDy (i) oracle for an integer i, if given any S C C (|S| = i), it returns a sample from the

CD.(S).

It is straight-forward to see that taking a step of the Gibbs sampler of the k-DPP from
the state xy, ..., xx defined by L is equivalent to removing a point x;, for some 1 <i <k,
and generating a sample from CDy ({x1,...,xi_1,Xi+1,.-.,Xx}). Therefore simulating the
chain can be done by a CDy (k — 1) oracle call. We also show these oracles are enough to
find a proper starting distribution to get an algorithm with the following guarantee. We

prove the following.

Theorem 5.4. Let 7t be a k-DPP defined by a kernel L : RY x R? — R. Given CDy (i) oracles
forall 0 <i <k —1, we can generate e-approximate samples from 7 with
O(k° log é)

oracle calls.
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Therefore, the task of sampling from a continuous k-DPP boils down to sampling from

conditional 1-DPPs (CDy (.) distributions), which seems a simpler problem.

Applications for Continuous k-DPPs. To construct the conditional sampling oracles,
we use a simple rejection sampler similar to the one suggested at [76], with uniform
distribution on the domain as the proposal distribution. Analyzing the rejection sampler

and combining that with theorem 5.4, we get the following.

Theorem 5.5. Let L be a kernel on a bounded closed domain C, and suppose that we have access
to an oracle which can generate uniform samples from C. For any integer k and any € > 0, an

e-approximate sample from the k-DPP defined by L can be generated by

1,M-VOL(C)
Ok log =) —=g——* 5.1
(Klog o)== 7. (5.1)
oracle calls in expectation where Ag > Ay > - - - are eigen-values of L and M = sup, L(x, x).

For some of the widely used kernels such as a Gaussian kernel, the L(x, x) is a constant
for all x and so tr(L) = [-L(x,x) < VOL(C) and the numerator in eq. (5.1) becomes
proportional to tr(C). Therefore in this setting, we get an efficient algorithm for sampling
from k-DPPs with “moderately decaying” spectrum. We further analyze the running

time for Gaussian kernels defined on a sphere. The details can be found in section 5.5.2.

5.1.3 Techniques

Our first contribution is to analyze the Gibbs sampler chain in the discrete setting. We
prove for a k-DPP defined on N points, the spectral gap of the Gibbs sampler chain is
a polynomial in 1/k and independent of N. So, up to logarithmic factors in N, the chain
mixes in time polynomial in k. This result on its own could be of interest in designing
distributed algorithms for sampling from discrete k-DPPs. This is because given access

to m processors, one can generate the next step of the Gibbs sampler in time O(N/m).

Secondly, we lift the above proof to the continuous setting using a natural discretization
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of the underlying space. To prove the mixing time, we need to make sure that the loga-
rithm of the variance of the starting distribution with respect to the stationary distribu-
tion of the chain, i.e., the k-DPP, is polynomially small in k and the dimension of the ambi-
ent space. We use a simple randomized greedy algorithm for this task: We start from the
empty set; assuming we have chosen xi,...,x; we sample x;,1 from CDp({x1,...,x;}),
where as usual L is the underlying kernel. We show that the distribution governing the

state output by this algorithm is our desired starting distribution.

Lastly, we use our main theorem to generate samples from a k-DPP defined on a spherical
Gaussian kernel on $~1. To run the above algorithm we need to construct the CD (i)
oracles for all 0 < i < k — 1. Given the point {x1,...,x;}, we use the classical rejection
sampling algorithm to choose x;;1; namely, we generate a uniformly random point on
the unit sphere and we accept it with probability % We use the distribution

of the eigenvalues of the spherical Gaussian kernel [90] to bound the expected number

of proposals in the rejection sampler.

5.2 Notaions

Let R? denote the d-dimensional euclidean space. Whenever, we consider C C R? as
measurable space, our measure is the standard Lebesgue measure. The VOL(C) de-
notes the d-dimensional volume of C with respect to the standard measure. Throughout
the chapter, we only consider k-DPPs which are defined by continuous Hilbert-Schmidt
kernels which satisfy the properties stated in section 3.4.1. If 7t is a probability distribu-
tion, we use f; to refer to the corresponding probability density function (PDF). We use
small letters to refer to elements of C and small bold letters to refer to its subsets, e.g.
x = {x1,...,%;} indicates a state of the Gibbs sampler for a k-DPP. For y € R? and a
finite subset S € RY, we may use S + y to indicate S U {y} and S — y to indicate S \ {y}.
Moreover, for S = {x1,..., X, } we use detr (x1,...,x,) or dety (S) to refer to determinant

of the m x m submatrix where the ijy, entry is L(xi,x]-). Whenever, the kernel is clear
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from the context, we may drop the subscript. For two expression A and B, we write

A < B to denote A < O(B).

5.3 Gibbs Sampling for Discrete k-DPP

In this section we analyze the conductance of the Gibbs sampler for a discrete k-DPP,
and show that it is bounded by () (%2) Recall that the conductance of a time reversible
chain M = (Q, P, i) is defined by

Q55
OM) = 5corzr7111(rsl)g% n(s) ’
where for x,y € O, Q(y,x) = Q(x,y) = m(x)P(x,y) and Q(S,S) = YresQ(x,y). We

prove the following.

Theorem 5.6. Let M be the Gibbs sampler chain for an arbitrary discrete k-DPP, then for a

constant C < 20 we have

In the rest of this section, we fix M = (Q,P, ) to be the Gibbs-sampler chain on a

k-DPP defined on a set of N elements.

Before discussing the details of the proof let us first fix a notation and recall fundamental
properties of k-DPPs. For any element 1 < i < N, define ();, (); be the set of all states in ()
that contain, do not contain 7, respectively. Also define 7t; and 7t; to be the corresponding

conditional distribution (stationary distribution of the restricted chains). i.e. for

7 = {m| iis chosen }, i.e. 7Tj(x) = :((é)),Vx € Q)
i

mt; := {7| i is not chosen }, i.e. m;(x) = :((gf),Vx € Q)
As explained in section 3.3.2, 71;, 7; can be identified with a (k —1)-DPP, k-DPP supported

on (), ();, respectively. We define M; = (O, P;, ;), M; = (Q);, P;, 715) to be the restricted

Gibbs samplers. So, it is straightforward to see that for any x,y € Q; we get Pi(x,y) =
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% - P(x,y). and consequently for Q; defined as Q for M;, we get
| _ Qxy)
Qi(x,y) = Q) (5.2)

Unlike P;, P; is not obtained from scaling a restriction of P. In particular, Let x,y € (); so
that P;(x,y) > 0 (which implies |x Ny| = k — 1). Then, setting I = x Ny and with a bit
abuse of notation 7(I) = Y e 7T(I + ), ie. w(I) = Pzox[l C z], we have

Pilxy) = % 2D - (Zgi Yy ©-3)

- For any x € (;, define N-(x) be the set of its neighbours in (),

7(y)

whereas P(x,y) = k(1

i.e.

Ni(x) = {y € O4(P(x,y) > 0}.
We use the following lemma to relate Q; to Q.

Lemma 5.7. Let A C (); be an arbitrary subset. For a state x € ();, consider the following
partitioning of N;(x): No = N:(x) N A and Nz = N:(x) N (Q: \ A). Then we have
Q(x,Na) + Q(Na, Nz) = 7(€Y;) - Q;(Na, Nz). (5.4)

Proof. Note that x U N4 U N5 is the set of all states containing elements in x —i. So by

definition of Q and Q;, we have

x 7T(Nz) (N

Q(x, Na) + Q(Na, Nz) = % 7(x) +7T7(t()1\77TA()Nﬁ)7t(NA) * % 11(x) +(7I(AZ\)IA)( +A7i(NA)
(5.5)

_ m(Na) m(x) + (Ny) - m(Na) 7(Ny)
ko m(x) +7(Na) +7(Ng) =k 7t(Na)+7(Ng)
(5.6)
= () - Q;(Na, Nyg) (5.7)
where the inequality follows simply because 71(N4) > 0. O

High level idea of the proof of Theorem 5.6. We follow a proof strategy similar to [59],

which obtains analogue of our result in an unweighted setting and for the Metropolis-
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Qn Qﬁ

Figure 5.1: A schematic view of the restriction chains.

yellow, red, blue, and green edges correspond to

Q(Sn, Qn \ Sn), Q(Sﬁ, Qﬁ\ Sﬁ), Q(Sn, Qﬁ\ Qﬁ\ Sﬁ), and Q(Sﬁ, Qﬁ\ Sﬁ), respectively

Hastings samplers. We use an inductive argument to prove the theorem. We need to
prove Q(S,S) > % for a subset S € Q with 7(S) < 1. Letting S, = SN Q, and
S# = SN Oy, we have

Q(S,5) = Q(Sn, Qi \ Sun) + Q(Swr, Ui \ Si) + Q(Sn, Ui \ Si) + Q(Si, U \ Su).  (5.8)
We carry out the induction step by lowerbounding the RHS of the above term by term.
In order to bound Q(S,, O, \ Su) we use induction hypothesis on M,. To bound
Q(S7, Oy \ Si), we combine the induction hypothesis on My with Lemma 5.7. It re-
mains to bound the other two terms which correspond to the contribution of the edge
across (Q,, Q). To do that, we crucially use negative association of 7r. In particular,

we use lemma 4.10. For any set A € Q, let Np(A) ={y € Q5 : Ix € A, P(x,y) > 0}

denote the set of neighbors of A in (). The following restates that lemma.

Lemma 5.8. For any subset A C )y,
(N7 (A)) > 1, (A).

The lemma lower bounds the vertex expansion of S, in (), and similarly vertex expan-
sion of Sz in (),,. Later we show how to use it to bound the edge expansion which is our

quantity of interest.
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Proof of Theorem 5.6. We induct on k + n. So, assume, the conductance of the Gibbs

sampler for any (k — 1)-DPP over n — 1 elements is at most m and the conductance
1

1s at most e

for any k-DPP over any n — 1 elements.

Fix a set S C Q where 71(S) < % We need to show Q(S,S) > % First, consider
1

a simple case where 71,(S) < } and 77(S) < . By induction hypothesis we have

Qn(Sn, Oy \ Sy) > CTZ(_Sl”))Z. Moreover, by adding up (5.2) for the edges across the cut

(Sn, O \ Sn), we get Q(S,, Qu \ Sp) = %ﬂm”) - Qu(Sn, Qn \ Sn). So combining them

we have

7t(Sn)

QS \ Su) = “00.

(5.9)

Now, we use induction on My along with Lemma 5.7. The induction hypothesis implies
70 (i) 7(Sn)
(S -\ S-) > =
Qn(Sn/ n \ Sn) = k2 N(Qﬁ) . ck?
So to prove the theorem in this case, it is enough to show the following and add it up
with (5.9).
Q(Sm, Qi \ Sit) + Q(S, Qn \ Sn) + Q(Sn, Qi \ Su) > () - QS U \ Sr). (5.10)

To see that, it is enough to apply Lemma 5.7 and add up (5.4) for all x € ),, where

subset A C )5 in the lemma is determined as follows: if x € S, then set A = Sg,
otherwise set A = ()5 \ S, Note that, doing that the RHS of the result will be exactly
() - Qn(Sw, Qi \ Qr), because any edge yz of that will only show up in (5.4) by
havingx =y Nz +n.

So we focus on the case max{7t,(Sx), 7i(S7)} > 5. Since 71(S) < 1, we have min{r,,(Sn), 77(Sx) } <
3. So, without loss of generality, perhaps by considering S instead of S, we may assume
74 (Sy) > 3 and 717(S) < 1. Our goal is to prove
Q(s,5) > % -min{1 — 72(S), 7(S)} (5.11)
For every x € (), let Ny s(x) := Ni(x) NSz, and Ny5(x) := Nz(x) N (Qx \ Si) be a
partitioning of Ny (x), so for every subset T € Nj(x) we have
()7 (T)

1
Qe T) = o 2 T A (Nys(®)) + 7 (N =(®)) 512)

n/
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Now, define Sigave C Sy to be
Steave = {x € Sn: 7(x) + (Nys(x)) < 1(Ny5(x))},

in other words, Sieave € Si is the subset of states so that, if the chain takes one step
from Sjeave by removing and resampling element 7, then with probability at least % it
leaves S and enters Nﬁlg(x). We also let Sgtay = Sy \ Sieave- On the other hand, starting
from Sgtay and by resampling 7, the chain with probability at least half stays in S. It is
straight-forward to see

Q(Steaves Qi \ Sz) > T(Stcave) (5.13)

4k
To see that, note that definition of Sjeave and setting T = Q7 \ S in (5.12) implies that for

any x € Sjeave, we have Q(x, O \ S) > n4(,f). To get (5.13), it suffices to sum up this over
all states of Sjeave. The bound (5.13) shows that Q(Sjeave, S) > (SleaVE) . So roughly speak-

ing, to prove the theorem, it suffices to show ¢(Sstay) U Siz) > =7. consider two cases: if

Ck
T (Sstay) < %, we essentially use the same argument as in the case 71,,(Sy), 7 (S7) < %

Otherwise we combine the induction with Lemma 5.8 to bound the expansion.

o Case 1: 7(Sstay) < %-I— ﬁ. We show Q(S,S) > 5)  To do that, we use the

Ck?
induction hypothesis on M, and the following claim which is the stronger version
of (5.10).
Claim 5.9.

Q(Sm5) + QS0 O\ 57) — 5Q(Staes O\ Sx) > () - Qu(7, O\ S7) (5:19)

Proof. The claim is implied by combining the summation of (5.15),(5.16), and (5.17)
over (), \ Sy, Sstay and Sjeave, Tespectively. Let x € ), \ S,. Then by applying
Lemma 5.7 for x and A = S5, we get

Q(Nzs(x), {x} UN;5(x)) > (Qx) - Qu(Nzs(x), N;5(x)) (5.15)
Similarly if x € S,, by applying Lemma 5.7 for x and A = Q5 \ Si, we have

Q(x U N s(x, Ny 5(x)) > 71(Qs) - Qu(Nizs(x), Ny 5(x)). (5.16)
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Finally, for x € Sjeave, We can show

1
Q(Nis(x), Nys(x)) + 5Q(x, Ny5(x)) 2 7(Qir) - Qa(Nis (%), Ny5(x)). - (5:17)
To see that, first note that the LHS is equal to

7T(Nz5(x)) 7(x)
R e TR () + )
which since 77(x) + 71(Ny s ( )) 7T(N; 5(x)) for x € Sieaye, We get the lower-bound
of
N —_
N0 5 (M) ) = () QN Ny
for the LHS. L

In particular, we use the above claim to get
Q(S,g) = Q(Snz Oy \ Sn) + Q(Sﬁ/ Qﬁ\ Sﬁ) + Q(Snz Qﬁ\ Sﬁ) + Q(Sﬁ/ Qy \ Sn)

1 - .
> Q(Sn, Qn \ Sn) + EQ(Sleave + Qﬁ\ Sﬁ) + T((Qﬁ)Qﬁ(Sﬁ, Sﬁ) By Claim 5.9
() —(Sy) 1 w(Sw) . :
> CZ(k = n) 5Q(Sleave’ O\ Sq) + C—kg induction Hyp. on M, and My
N(Qn) - n(sleave) - n(SStay) 7T(Sleave) + N(Sﬁ)
Ck(k—1) 8k K2

v

(5.18)

where the last inequality follows by (5.13) and the fact that S;, = Sicave U Sstay-

To finish the proof, we need to show the RHS of the above is at least C(kz)' To

see that note that since M > 71(Sieave) - (W + m) for sufficiently large

H(anlz(k_(ls)smy) > ”(g;t;y), which can be directly verified for

k, it suffices to show

ﬂn(sstay) < % + ﬁ

Case 2: 71, (Sstay) > % + ﬁ. We prove

1 1—m(S)
Lemma 5.8 states that the vertex expansion of Sgtay is proportional to nn(SStay) —
77(S%)( which is positive in this case by the assumption). We use it to bound

Q(S, S) by relating vertex expansion of Sstay tO Q(S,S). In particular, we show the



71

following claim.

Claim 5.10.
Q(Sstay/ Qﬁ\ Sﬁ) + Q(Sﬁ/ Qﬁ\ Sﬁ) 2

: (nn(sstay) - nﬁ(sﬁ))

Proof. Note that for any x € Sstay, since 7(N;35(x)) < 7(x) + 7(Ns(x)), we have

TNy 5(x x) + (N5 x,
Q(x, N;5(x)) + Q(Nzs(x), Ny 5(x)) = 21k 7T(( )”i( )()N[ ((x)))j—LF 7t((N,;Ss((x))))] =2k

To complete the proof, it is enough to sum up the above over Ssty to get the

following
7(Ny 5(x))
Q(Sstay, i\ Sa) + QS U\ Sn) 2 ), —— 27| U Nz |-
xESstay xesstay
> N(Nﬁ(sstay)) - N(Sﬁ)
> 71(Q) - (7u(Sstay) — 7n(Sm)) By Lemma 5.8
[
Claim 5.10 and (5.18) implies Q(S,S) > max{L, Lo} defined as above
7((51) N(Qn) - 7T(Sleave) - 7T(Sstay) N(Sﬁ)
= By (5.1
L= =g Ck(k—1) TR y -18)
_ () o -
Ly: T (71 (Sstay) — 07(Sw)) By Claim 5.10.
So we need to prove max{Lq, Ly} > Ckg ) To prove that, we show that L; + kLTzl >

(1+ m) - C?{g ), Replacing values of L; and L; in the above and simplifying the

resulting inequality, we need to show
n(sleave) ﬂ(Sﬁ) n(Qﬁ) N(Qﬁ) — ﬂ(Sﬁ)
. — — — > .
8k o tageony (on(Ssey) —7m(Sa) = =5,

Ignoring the ™ ( ™) term and rearranging the other terms, it is enough to show

417:(5&1‘)1)  (7(Sstay) — 7t(Sw)) = C;cr((kﬂj_)l) (1= 2kk 7ia(Sn)):

The above can be verified for C > 16, by noting that by assumption 71, (Sstay) >
%—F ﬁ and ﬂﬁ(Sﬁ) < %
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5.4 Gibbs Sampling for Continuous k-DPP

In this section we analyze the mixing time of Gibbs samplers for continuous k-DPPs. Let
M be the Gibbs sampler for a k-DPP defined by a continuous kernel L. In section 5.4.1,
we show ¢(M) 2 k—lz Therefore, Gibbs sampling is an efficient method to generate
samples from a continuous k-DPP provided that: We have access to an CDy (k — 1) oracle
to simulate the chain, and we can find a proper starting distribution. In subsection 5.4.2,

we show access to conditional oracles sampling is also enough to find the proper starting

distributions.

As alluded to before, throughout the section L : R? x RY — R is a continuous ker-
nel which satisfies the Mercer’s condition and also | [ |L(x,y)[*dxdy < oo which also

implies the partition function Z = [--- [dety (x1,..., xg)dxy ... dx; < oo.

5.4.1 Conductance of M

Theorem 5.11. Let M be the Gibbs sampler for a k-DPP defined by kernel L, then
1
(M) Z 7 (5.19)

Proof. Recall that by Theorem 5.6 the conductance of a Gibbs sampler for any discrete
k-DPP is at least Q(klz) The key observation is that this bound is independent of the
number of states. Therefore, we can obtain this bound for arbitrarily fine discretizations

of M, and with a limiting argument extend it to M.

For simplicity, we assume d = 1. It is straight-forward to extend the argument to higher

dimensions. Let us denote the state space by (). Fix a measurable subset S C () with

7(S) < 1. Our goal is to prove ¢(S) = Q85) > (). Without loss of generality, we
2 & P ¢ 7(S) k & Y,

can only consider restriction of (2 and S to a bounded set. To see that, note that if we

%’g:ﬁ’i) = ¢(S), and so for large values of

(¢(S)). So suppose that Q) = ([O]’(l]). For an integer n, we consider a

set ), = ([72’”]), then clearly, lim,

Q(5N0y,5) _
n, n(SNQy,) ©
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discretization M, of M defined as follows. We use 7 in subscript to denote quantities
related to M,,. We partition [0, 1] into intervals of length 1, and identify each interval

with an element in the ground set of M,, so ), = ([']z}). M, is defined by a kernel

i1

L, characterized below. For i € [n] let ; = [=1,1]. For any i,j € [n], we define

Lu(i,j) = [ J L(u,v)dudv, be the accumulative value of L over I; x ;. One can easily
I Ij
see L, is a PSD matrix, as L is a PSD operator. Moreover, L and consequently det; is a

continuous function on a closed domain, so it is uniform continuous, implying for any
€ > 0, there exists an integer 1(€) so that for all n > n(e) and any two states {x1,...,xx}

we have |dety(x1,...,x¢) —detr(y1,...,yx)| < e

detL (yl,...,yk)
% f detL(-x1/~--/xk)d.x1...dxk

any two sequences of numbers {a,} and {b,},

and {y,...,y} with |y; — x| < 1

n’

Now, note that fr(y1,...,yx) = . So, using the simple fact that for

. B . B . an _a
(Jim, o0 = a) A (Jim, b = b #0) = Jim G = ¢ 520
we get that for any € > 0, there exists an integer m(e), where m(e) depends on n(e),
such that
1] : €
vn > m(e),V{t,..., i} € L) Tttt t) — ([ [ In)| < = (5.21)
i=1

We define a set S, C (), corresponding to S for any #, so that
Tim ¢ (Sn) = ¢(5). (5.22)
Clearly, the above proves the theorem as by Theorem 5.6, we know that ¢, (S,) 2 k1_2 for

any 7. In what follows, we use A C B to denote both of A — B and B — A have Lebesgue

measure zero. Also, define

Sy = {{tl,...,tk} € ([Z]) Iy x -+« x Iy C S}.

Following (5.20), to prove (5.22), it is enough to argue that lim, e Q,(Sy,Sx) = Q(S,S),
and limy, e 77, (Sy) = 71(S). We first show the latter. This follows by (5.21) and that

k
lim p (U{tl,...,tk}esn Hfti) = u(S) (5.23)
i=1

n—oo

for p being the Lebesgue measure.

It remains to see lim, o Q,:(Sn, Su) = Q(S,S). First, note that [0,1]*! is a closed set, so
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for any 6 > 0 and € > 0, there exists an integer n(J, €) so that for any n > n(J,€), and

points x1, ..., Xk, X1 and y1, . . ., Yk, Yky1 with [x; —y;] < 1, and fo det; (x1,...,x_1, T)dT >

6, we have
detL(xl, ceny, xk) detL(xl, e Xg_q, ka) B detL(yl, - ,yk) detL(yl, .. ,ykfl,yk+1) <e
fol dety (xq,...,x_1, T)dT fol detr (v, ..., yx_1,T)dT N

Therefore, similar to the case for 71, it follows that for any €,6 > 0, there exists integer
m(9, ) depending on n(d, €) so that for any n > m(d,€) and for all t1,...,tx_1,s,t € ( ] )

k+1
with Ty 7, (ty, ., d) > =25

|Qn({t1/'°'ltk1/t}/{tll . tk 1/5} t X Hltzls X HIt

Now, combining the above equation with (5.23), and notmg € and 4 can be chosen

o +1 (5.24)

arbitrary close to zero, we obtain limy, e Q,(Sn, Sy) = Q(S,S), which completes the

proof. O

Combining the theorem with Theorem 2.19, we get that Ay 2 k1—4, where Ay is the
poincaré constant of M. Moreover, clearly the above argument implies the chain is
rt-strongly irreducible as well. So we can apply Theorem 2.16 to obtain the following

corollary.

Corollary 5.12. Let 7t be the k-DPP defined by L. If u is an arbitrary starting distribution, then
var (f—”)
7T fn

Tu(e) < O(k*) - log -

5.4.2 Finding a Warm Start

In this subsection we propose a simple greedy algorithm that given access to CDy (i)
oracles for a kernel L and any 0 < i < k — 1, returns a proper starting state such
that starting the corresponding Gibbs sampler yields the guarantee of theorem 5.4. The
algorithm is described in algorithm 5.3 which is essentially the continuous version of a
greedy algorithm analyzed at [37] for approximate volume sampling. We can prove the

following guarantee for the distribution of the output of the algorithm.
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Algorithm 5.3 Choosing a starting state
Input: CDy (i) oracles of L for 0 <i <k —1.

1: LetS = @.

2: for ifrom Otok—1do
3: Use the CDy (i) oracle to generate a sample x; and add x; to S.
4: end for

return S.

Lemma 5.13. Let pg be the probability distribution of the output of Algorithm 5.3. Also let f,,
and fr denote the PDF for uy and 7t. Then for any {x1,...,x¢} C Q,

fuolfxe, - x}) < (RO fr({x1,- - i)

The proof essentially is a continuous extension of the argument appeared in [37].

Proof. For any x € RY, let fy be the corresponding feature map, i.e. fy : H — R for
some Hilbert space # and for any x,y € RY, L(x,y) = (fx, fy). Fix x = {x1,...,x¢}, and
let Sy be the set of all permutations of {xy,...,x¢}. Also, for any ¢ € Sy and for any
1 <i<k—1,define H, = (fe(1)s - -+ fo(i))- By definition of algorithm 5.3 we have
)= Y Ifoy > d(fo@ Ho)*  d(for, Hs')?
oo | ||fy||2dy Jd(fy, Hl 2 [ d( fyer Dy |

In the above the range of all integrals is R?. Note that they are well-defined since our

kernel is continuous. For any 1 <i < k —1, let Hl = argming_ yyrorfys) f d( fy, dy,
where y; ..., y; range over R%. Note that, the minimum of the quantity is defined since
L is continuous on a closed set. Combining with the above, and noting that for any o,
det(x1,. ., %) = | forn) |2+ d( ooy HL? ... d(foge), HE )2, we obtain

det(xl, ey Xg)
fo(x) < k!
f||fy||2dy [d(fy, H)2dy - [ d(f,, HE dy
. ) [ fC det(y1,...,yx)dyk...dy;
k! - f||fy 2dy - [ d(fy, HL)2dx--- [d(f,, HE')2dy
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So, rearranging the above to show ]J:”(( )) (k!)?, it suffices to show
det(yy, . . dyy...dyn

J ||fy||2dy f d(fy, HY) de fd fy Hk 2dy —
To proof the above, we use induction on k. For k = 1, the statement is obvious as for any

y € R?, det(y) = L(y,y) = ||fy||% It is straight-forward to see, applying the above claim

will prove the induction step, and completes the proof.

Claim 5.14.

/~ ~~/det(yl,...,yk)dyk...dyl < K (/d(fy,H’,f_l)zdy) </ -'/det(yl,...,yk1)dyk1...dy1>

(5.26)

Proof of Claim 5.14. For any y = {y1,...,yx} C R%, let G, be a (k — 1)-dimensional linear
subspace of (fy, ..., fy,) which contains the projection of H* Y onto {(fyr---+ fy)- Now,

for any y, we apply the following lemma.

Lemma 5.15 (Lemma 2 of [37]). Let S be a set of k vectors, and H be any (k — 1)-dimesnsional
subspace of (S). Then

VOL(S) < ) _d(v,H)VOL(S —v),
vES

where volume of a set of vectors, refer to the volume of the parallelopiped spanned by them.

Using the above lemma, and noting for a set of points V C R¥, det; (V) = VOL({f, }vev)

we can get

. 2
det(y) < (Zd(fway) det(y—yi)>

<k (Z d(fy,, Gy)* det(y — yl)> Cauchy-Schwarz Inequality.
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By integrating the above over R? x R?...R? (k times), we get

/ /det dy<k/ /dey, )2 det(y — yi)dy

kz ) .
< /ye]Rd /216 d- .. /Zk_lele d(fy, Gz+y) det(z)dzdy (Settlng zZ = {zl, e, Zk 1})
< “ e d , Hk_1 2 t

B /]/G]I[d ‘/Zlele /Zk_lele (f]/ * ) ( )HZdy

= (/d(fy,Hfl)zdy> (/zle]Rd. --/Z“e]Rd det(z)dz) ,

where in the third inequality, the fact d(fy, G;+y) < d(f,, H-"!) holds because f, €
(forr e s forqr fy>, and G, contains the projection of Hﬁf‘l onto this space. Thus, the

proof of the claim and the lemma is complete. O

]

We use this lemma to bound Varn(];* 0) which appears in our bound for the mixing time.

In particular, we use it to prove the following.

Corollary 5.16. Let M be the Gibbs sampler for the k-DPP defined by kernel L : R? x R — R.
Given access to CDp (i) oracles all 0 < i < k — 1, algorithm 5.3 returns a state of M from a
distribution gy where

logvarn(?o) < O(klogk) (5.27)

Moreover, the algorithm only uses k oracle accesses.

Proof. First of all, clearly the algorithm use each CDy (i) oracle for 1 <i < k —1 once. So
letting 110 be the distribution of the output of the algorithm. The proof straight-forwardly
follows by applying Lemma 5.15. More precisely,

ar f}lo _ f,uo(x) 2 _ N4 . _ 14
v n(frr) Er [<—frr(x)) ] 1< (k)" - Ex[1] = (k!)

, which implies eq. (5.27) after applying logarithm to both sides.

To prove theorem 5.4, it is enough to combine the above corollary and corollary 5.12: The
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resulting algorithm is to first find a starting state using algorithm 5.3 and then run the

chain for O(k>log k) steps using the given CDy (k — 1) oracle.

Remark 17. 1t is straight-forward to use a similar discretization argument to prove Theo-
rem 5.11, and consequently corollary 5.12 when the domain of the kernel is restricted to
a closed subset C C R? which can be nicely discretized as in Theorem 5.11. In particular,
we assume C is an sphere in the next section. More precisely, C could be any closed

subset which its interior has also the same measure.

5.5 A Simple Conditional Sampler

theorem 5.4 reduces sampling from the continuous k-DPPs to having access to condi-
tional samplers CDy (i) (for 0 < i < k — 1). To implement these conditional samplers, we
consider a simple rejection sampler described in algorithm 5.4. Let C be the domain of
the k-DPP. The algorithm assumes that C is bounded and we have an oracle to generate

uniform samples from C.

Algorithm 5.4 An Algorithm for Conditional Sampling

Input: A set of k points xq,...,x; € C.
Output: A sample from CDy ({xq,...,x¢}).
1: Let M be a number such that M > sup, - L(z, z).

2: while A sample is accepted. do

3: Draw a uniform sample x from C and a uniform number u from [0, 1].
) dety (x1,...,xk,X)

4: Ifu< Medety (¥1,5)” accept and return x.

5. end while

Correctness of the algorithm. We want to show that algorithm 5.4 generate a sample
of CDr({x1,...,x¢}). Let ® denote the distribution of the output and f, be its PDEF. It
suffices to show that for any z € C, f4(z) o< dety(xy,...,Xk, z). By the definition of the
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dety (x1,...,%¢,2)

. dety (x1,...,%,2)
M-dety (%) < 1 which follows from ==k

algorithm, it is enough to verify dot, (v10)

L(z,z) and M > L(z,z). The former holds, since if we write the PSD matrix given by

restricting L to xq, ..., Xk, z as the inner product of a set of k + 1 vectors, then by definition

detL(xl,...,xk,z)

L(z,z) is the norm squared of the vector corresponding to z and the ratio
dety (x1,...,xx)

is equal to the squared of distance of that vector from the plane spanned by vectors

corresponding to x1,xp,. .., Xk.

Therefore, it remains to analyze the running time,

5.5.1 Analyzing the Running Time of algorithm 5.4

Let T be a random variable which indicates the expected number of uniform samples
generated from C until the algorithm terminates. Our goal is to bound E[T]|. As we
saw in the preliminaries, for the kernels that we are considering, the associated integral
operator has a discrete spectrum of eigenvalues. So, let A\g > A; > ... be eigenvalues of

L. The following relates [E[T] to the eigenvalues.

Lemma 5.18. For any set of points x1, ..., xy as the input of algorithm 5.4, we have
-VOL
E[T] < Y YOL(O)
Yi—gAi

Proof. Let u be the uniform distribution on C and x = {x1,...,x;}. We also use x + z to
denote {x1,...,xx,z}. The probability that the algorithm accepts and outputs the sample

generated in the current step is

P , < detilx+2)) dety (x + z)
iy [T Medety(x)] T T (M- dety(x) |
M-dety (x)

So T forms a geometric distribution and E[T] = Since x is fixed, it is

detL(x—|—y)} S Ligg ML)
det;(x) | = VOL(C)

for any x € C, there exists a function (feature map) fy : C — R such that for any y € C,

Eyy[det (x+y)]

enough to show Ey, [ to prove the lemma. By Mercer theorem,

L(x,y) = (fx, fy). Now, forany y € C, define £(y) = H(fxl,m,kaﬁ (fy), be the projection of

fy onto the space orthogonal to functions corresponding to x1, ..., x;. Then, by definition
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detL
detL

= ||€(y)|?>, where recall that x = {x1,...,x;}. It implies

det (x +v) . tr(€)
By | e 2| = By [IEWIP] = ot .29
for the kernel £ : C x C — R defined by £(x,y) = (£(x),E(y)). Now, note that, tr(€) =
Y2 o Ai(E). Moreover, it follows from the definition of £ that, L — £ is associated to an

PSD operator of rank at most k. So tr(&) > itk Aj(L) which completes the proof. [

Using this algorithm as CDy(.,1) oracles for L and combining that with theorem 5.4
immediately implies theorem 5.5. Next, we analyze the bound of lemma 5.18 more
precisely for special kernels defined on a sphere, and show it gives an efficient sampling

algorithm for k-DPPs defined by spherical Gaussian.

5.5.2  Complexity of algorithm 5.4 for Spherical Kernels

Let $%~1 denote the (d — 1)-dimensional unit sphere, and let f : [~1,1] — R be a con-
tinuous function. Consider a kernel Ky : G941 x 891 _ R which can be defined by
K¢(x,y) = f({x,y)) for any x,y € S~!. For example, consider a spherical Gaussian
kernel (a.k.a RBF kernel) defined by G(x,y) = exp(— ”x y“ ) for some scalar ¢. In our
setting, it is generated by taking f(u) = exp((—1+ Zu)/ 0?). As an another example,
consider the polynomial kernel which is defined by P(x,y) = (1+ (x,y))?, where b is an
integer known as the degree of the kernel. It is obtained by letting f(u) = (1 + u)’. The

eigenvalues and eigen-functions of such kernels has been studied before, e.g. see [90].

Theorem 5.19 ([90]). Let K be a kernel defined on S*~1 x S~ defined as above. Then for

any £ > 0, the associated operator to K has an eigenvalue A, with multiplicity N(d, ) =

QHde?(? _(/é;)r!d—s;)! given by

Ay = VOL(592) / F(T)P(d; ) (1 — 2) 2 dr

-1
where Py(;.) is the Legendre polynomial of degree ¢ in dimension d.

The above integral formula for eigenvalues turns out to be computable or easy to bound
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for several kernels. In particular, [90] gives explicit formula for spherical Gaussians.
The following lemma states its implication for bounding the complexity of Algorithm
algorithm 5.4. Note that generating a uniform sample from a d-dimensional sphere can
be done in O(d) time, so combining the lemma with theorem 5.5 yields an efficient
algorithm for sampling from spherical Gaussians on a sphere. Recall that T denotes the
number of samples generated from C in a run of Algorithm algorithm 5.4, we prove the

following.

Lemma 5.20. Let G, be a spherical Gaussian kernel on the unit sphere given by Gy(x,y) =
exp(—||x —y||?/20?) for x,y € S*~1. Also let k < exp(%2), and set t to be the smallest integer
that ‘Z—; > 2k . Then for any set of k points as the input of algorithm 5.4, we have

E[T] < e - 0% - .

Moreover, if o S \/11)?, then E[T] = O(1).

To prove the above we use the following special instance of theorem 5.19.

Lemma 5.21 ([90]). Let G, be the Gaussian kernel with variance o> restricted to the unit sphere

12 72
with the uniform measure, i.e. for any x,y € S$9~! : we have Gy(x,y) = opUlx vl /o) pop

VOL(S7-T)
any integer k > 0, G, has an eigenvalue yy with multiplicity N(d, k) = (2k+dk7(?_(g;d_3)! where
2¢\ * A 2¢\ F A
o (2k+d —2) 2 o (2k+d —2) 2

.Q’L‘ -

2 1 1
for Ay = efﬁfﬁ\%(Ze)%_ll“ (%) and Ay = A - e

Proof of lemma 5.20. Let Ag > Aq ... be eigenvalues of G,. Note that G;(x,x) = 1 for all

x. Combining that with Lemma 5.1 and the fact that we are considering the kernel with

2

respect to the uniform measure -~ we get

E[T] < —

Zj:k /\j.

The kernel, we are considering in the paper is not normalized by the uniform measure. Note that,
after normalizing the volume term cancels out.
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We first prove the second part by showing if o < then }72; A; > Q)(1). Using

\/_
the Cauchy-Sch li 12> (T = (1- oA

y-Schwarz inequality we have k- } ;" A Yioghi) =(1-Li2 k)‘] . We
show Zk 12 < k2 which implies } 7 A; > (1 -1/ \/_ k) which completes the proof. To
see that, note that

Z A2 < tr(G2) = Eyyop [e—\lx—y||2/2<72] )

where y is the uniform measure on the sphere. Fix x € $%~1. It follows from basic con-
centration inequalities for Gaussian measures that [, [e—Hx—y 12/ 2172} < e71/27% which

implies the bound on the trace and finishes the proof of this case.

So from now on, we only need to prove for any T

602
Z iR o (5.30)

Let pio > p1 > ... be distinct eigenvalues of the kernel given by lemma 5.21 where for
2
etr

any j, the multiplicity of y; is n; = N(d, j). It suffices to show “ > £ where we are

using the fact that for any j, nj > ‘j.—{, and so n; > 2k. Now using n; > and the bound

tl 7
on y; by Lemma 5.21, we get
)
gt es (2e)IT(4)
nipt Z o d+1
th g2t (2t +d)t T

dt . (2(3) dezrl
tl O'Zt(Zt—l—d)H'%
;22(2 )t ;2221‘
eo e ev
ot (14 Zt)ter%l S 2 41 o2 by (1+2t/d) < /4.
R d o<t tl.ed
Noting that k < exp(d/4) implies t < % and exp(2t/d) < 2, completes the proof of

(5.30).

Sterling’s approximation

]

Note that a direct consequence of the above lemma is that in the case k = poly(d) and

o = Q(1), the running time of the algorithm is polynomial in terms of ¢, d.
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Our final algorithm for sampling from continuous k-DPPs is described in algorithm 5.5.
As explained, it assumes that we have an oracle that generate uniform samples from the

domain.

Algorithm 5.5 Gibbs Sampler for Continuous k-DPPs

Input: A kernel L : C x C — R along with an oracle which generates uniform samples

form C.
1: Let S$ = @.
2: Let M be a number such that M > sup, - L(z,z)° .
3: for i from 0 to k —1 do

4: while A sample is accepted do

5: Draw a uniform sample x from C and a uniform number u from [0, 1].
6: Ifu< %ﬁé;%, accept x and set S = SUx.

7: end while

8: end for

9: Let T = O(K log 1).

10: for T iterations do

11: Let S = {x1,...,x;} and pick an uniform random integer 0 < i < k — 1. Set
S=S5—x;

12: while A sample is accepted do

13: Draw a uniform sample x from C and a uniform number u from [0, 1].
14: Ifu< ?/ftééf;ég, accept x and set S = SUx.

15: end while
16: end for

return S.

Combining lemma 5.20 and theorem 5.4, we obtain the following guarantee for Gaussian

kernels.
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5.6 Experimental Results

We implement our algorithm and evaluate the mixing time for various kernels and pa-
rameters to empirically confirm our results. In particular, we consider the two family of

kernels:

1. Spherical Gaussian given by L(x,y) = exp(—||x — y||*/¢?) for parameter ¢. In all

experiments, we let the domain be the d-dimensional unit ball.

2. Polynomial kernel defined by K(x,y) = (1 + (x,y))? for some parameter b which
is also known as the degree of the kernel. In our experiments, we let the domain

be the unit hypercube in R¥.

Simulation Setup: For a fixed kernel, we use the rejection sampler described in algo-
rithm 5.4 as the conditional sampler of the kernel. To do the sampling from the con-
tinuous k-DPP defined by the kernel, we first run algorithm 5.3 to find a starting state.
Then we start simulating the chain; At each step, one of the k current points is chosen
uniformly and replaced by the point returned by the rejection sampler. The pseudo-code
of the method is presented in Algorithm algorithm 5.5. Finally, to evaluate the mixing

time, we use the following criteria.

Empirical Mixing: We employ the multivariate extension of the Gelman and Rubin
multiple sequence method [25]. To be consistent with that, instead of k-subsets, we
work with k-tuples as the state space by randomly labeling points in each step. So each
state can be represented by a k x d matrix. We run m = 10 copies of our algorithm
independently. We consider each column separately as the projection of the state onto
a coordinate of the ambient space, and at each step compute its associated multivariate
Potential Scale Reduction Factor (PSRF) over these m runs. We set the first time that the
average of these d PSRF values drops below & = 1.1, as our empirical measure for the

mixing time. For any fixed kernel, we repeat this process 10 times and report the average
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as the (empirical) mixing time.

Experiments: We use the above criteria to evaluate the empirical mixing time of the chain
for the Gaussian and polynomial kernels, defined on the unit ball and unit hypercube,
respectively. The results are demonstrated in Figure 5.2 and Figure 5.3. In the first exper-
iment, we investigate the change of mixing time with respect to size parameter k; k varies
from 5 to 40, and other parameters are fixed, d = 40, 0 = 1, b = 5. As stated, our theoret-
ical results guarantees an O(k*) dependency. However, our experiments demonstrated

in Figure 5.2, shows a much smaller bound (roughly O(k?)).

In the second experiment, we fix number of points k = 10, and values ¢ = 1 (b = 5)
for the Gaussian (Polynomial) kernel, and vary the dimension from 5 to 50. As illus-
trated in Figure 5.3, the mixing time is quite unchanged with small fluctuations which

corroborates independence of the mixing time from these parameters.

Finally, we look at the impact of b and ¢ on the mixing time. As shown in Figure 5.3, for
tixed values of k = 10 and d = 40, the change in mixing time with respect to changes in

o and b seems negligible, as expected by our theoretical findings.
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Figure 5.2: Empirical mixing time for different values of k while dimension and other

parameters are fixed (d =40, 0 =1 and b = 5)
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Figure 5.3: Plots of the empirical mixing time for a fixed k and varying o (middle plot),

b (bottom plot), and d (top plot).
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Part II

COMPOSABLE CORE-SETS FOR DETERMINANT MAXIMIZATION
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Chapter 6

OPTIMAL COMPOSABLE CORE-SETS FOR DETERMINANT
MAXIMIZATION PROBLEMS VIA SPECTRAL SPANNERS

In this chapter, we study a generalization of classical combinatorial graph spanners to
the spectral setting. Given a set of vectors V C R, we say a set U C V is an a-spectral
k-spanner, for k < d, if for all v € V there is a probability distribution p, supported on
U such that

00T Zp o - By, [uuT],

where for two matrices A, B € R?*? we write A <, B iff the sum of the bottom d — k + 1
eigenvalues of B — A is nonnegative. In particular, A <; B iff A < B. We show that any
set V has an O(k)-spectral spanner of size O(k) and this bound is almost optimal in the

worst case.

We use spectral spanners to study composable core-sets for spectral problems. We show
that for many objective functions one can use a spectral spanner, independent of the
underlying function, as a core-set and obtain almost optimal composable core-sets. For
example, for the k-determinant maximization problem, we obtain an O(k)*-composable

core-set, and we show that this is almost optimal in the worst case.

Our algorithm is a spectral analogue of the classical greedy algorithm for finding (combi-
natorial) spanners in graphs. We expect that our spanners find many other applications
in distributed or parallel models of computation. Our proof is spectral. As a side result
of our techniques, we show that the rank of diagonally dominant lower-triangular matri-

ces are robust under “small perturbations” which could be of independent interests.
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6.1 Introduction

6.1.1 Spectral Spanners

Given a graph G with n vertices {1,...,n}, we say a subgraph H is a a-(combinatorial)
spanner if for every pair of vertices u,v of G,

disty(u,v) < a - distg(u,v),
where distg (1, v) is the shortest path distance between u, v in G. It has been shown that

1+0(1)/a many edges and that can be found

for any &, G has an a-spanner with only n
efficiently [46]. Such a spanner can be found by a simple algorithm which repeatedly
finds and adds an edge f = (u,v) where disty(#,v) > a. Combinatorial spanners have

many applications in distributed computing [104, 49, 68], optimization [43, 9], etc.

We define and study a spectral generalization of this property. Given a set of vectors
V C RY, we say a set U C V is an a-spectral d-spanner of V if for any vector v € V, there
exists a probability distribution y, on the vectors in U such that

voT 2 -y, [uu’]  equiv <x,v>2 <a-Eyoy, [(x,u)z} ,Vx € RY.
To see that this is a generalization of the graph case, let b,, = e, — e, be the vector
corresponding to an edge {u, v} of G, where ¢, is the indicator vector of the vertex u. It
is an exercise to show that for V = {b,}.cg(c) and for any a-combinatorial spanner H of

G, the set U = {be},cp(p) is an a?-spectral spanner of V.
The following theorem is a special case of our main theorem.

Theorem 6.1 (Main theorem for k = d). There is an algorithm that for any set of vectors

V C R finds an O(d)-spectral d-spanner of size O(d) in time polynomial in d and size of |V| .

Our algorithm is a spectral generalization of the greedy algorithm mentioned above for

finding combinatorial spanners.

IThe asymptotic notation O(f(n)) hides logarithmic factors in f(n).
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We further study generalizations of our spectral spanners to weaker forms of PSD in-
equalities. For two matrices A, B we write A =i B if for every projection matrix IT onto
a d — k + 1 dimensional linear subspace, (A,IT) < (B,II). For example, if A <; B, then
sum of the top k eigenvalues of A is at most the sum of the top k eigenvalues of B.
Analogously, we say U C V is an a-spectral k-spanner of V, if for any v € V, there is a
distribution i, on U such that voT7 = « - [E,~,,uuT. In our main theorem we generalize
the above statement to all k < d and we show that to construct an O(k) spectral k-spanner
we only need to use O(k) many vectors independent of the ambient dimension of the

space.

Theorem 6.2 (Main). There is an algorithm that for any set of vectors V.C R? finds an O(k)-
spectral k-spanner of size O(k).

Furthermore, for any € > 0 and k < d, there exists a set V. C R? of size e2*) such that any

k'~€-spectral spanner of V must have all vectors of V.

6.1.2  Composable core-sets

“Composable core-sets” are an efficient framework for solving optimization problems in
massive data models. Our main application of spectral spanners is to design (compos-
able) core-sets for spectral problems. A function c¢(V) that maps V C R? into its subset is
called an a-composable core-set of size t for the function f(-) [4, 61], if for any collection
of sets Vy,...,V, C RY, we have
Fe(V)U...uc(V)) > % F(ViU...UVy)

and |c(V;)| < t for any V;. A composable core-set of a small size immediately yields a
communication-efficient distributed approximation algorithm: if each set V; is stored on
a separate machine, then all machines can compute and transmit core-sets, c(Vi)’s, to a
central server, which can then perform the final computation over the union. Similarly,

core-sets make it possible to design a streaming algorithm which processes N vectors in
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one pass using only v/ Nt storage. This is achieved by dividing the stream of data into
blocks of size v/ Nt, computing and storing a core-set for each block, and then performing

the computation over the union.

We show that, for a given set V; € RY, an a-spectral spanner of V; for a proper value
of & provides a good core-set of V;s. Specifically, we show that for many (spectral)
optimization problems, such as determinant maximization, D-optimal design or min-
eigenvalue maximization, this approach leads to almost the best possible composable

core-set in the worst case.

In what follows we discuss a specific application, to determinant maximization, in more

detail.

Composable Core-sets for Determinant Maximization. Recall that given a set of vec-
tors V = {vy,...,v,} and a parameter k, the k-DPP defined by these vectors is a distribu-
tion over subsets of V of size k that to any subset S with k elements assigns the following

probability
P ~ det E T
(S) I? () oo )

veS
As discussed in chapter 3, this distribution formalizes a notion of diversity, as sets of
vectors that are “substantially different” from each other are assigned higher probability.
One can then find the “most diverse" k-subset in P by computing S that maximizes IP(S),
i.e., solving the maximum a posteriori (MAP) decoding problem:
SCIII’}\EES)I(zkHD(S)'

This problem is also known as k-determinant maximization.

Here we use our results on spectral spanners to construct an almost optimal composable
core-set for MAP problem. Before mentioning our result let us briefly discuss relevant
previous work on this problem. The MAP problem is hard to approximate up to a factor

of 2= for some constant ¢ > 0, unless P=NP. [31, 32]. This lower bound was matched
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qualitatively by a recent paper of [99], who gave an algorithm with ef-approximation
guarantee. Since the data sets in the aforementioned applications can be large, there has
been a considerable effort on developing efficient algorithms in distributed, streaming
or parallel models of computation [93, , , 94, 91, 14].  All of these algorithms
relied on the fact that the logarithm of the volume is a submodular function, which
makes it possible to obtain multiplicative factor approximation algorithms (assuming
some lower bound on the volume, as otherwise the logarithm of the volume can be
negative). See Section 6.1.4 for an overview. However, this generality comes at a price,
as multiplicative approximation guarantees for the logarithm of the volume translates
into "exponential" guarantees for the volume, and necessitates the aforementioned extra
lower bound assumptions. As a result, to the best of our knowledge, no multiplicative
approximation factor algorithms were known before for this problem, for streaming,

distributed or parallel models of computation.

We present the first (composable) core-set construction for the determinant maximization

problem. Our main contributions are:

Theorem 6.3. There exists a polynomial time algorithm for computing an O(k)*-composable

core-set of size O(k), for the k-determinant maximization problem.

Let us discuss the proof of the above theorem for the case k = d using our main theo-
rem 6.1. Given sets of vectors Vi,...,V,, let Uy, ..., U, be their (j(d)-spectral spanners
respectively. Let

S = argmaxgc;,v.(s|—d P(S).

Consider the matrix A = ¥ s E,~y, [uu’], that is we substitute each vector v in S by
a convex combination of the vectors in the spectral spanner(s). Then, by definition of

spectral spanner,
1
— Z vol < A.
X oes
Since determinant is a monotone function with respect to the Loewner order of PSD
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matrices,

%IP( = det ( Y wo ) < det(A).

veS

The matrix A can be seen as a fractional solution to the determinant maximization prob-
lem. In fact [99] showed that A can be rounded to a set T of size |T| = d such that
det(A) < e det(T). Therefore, we obtain an (ea)? approximation for determinant maxi-

mization (see section 6.6.1 for more details).

The technique that we discussed above can be applied to many optimization prob-
lems. In general, if instead of the determinant, we wanted to maximize any function
f RI*d R, that is monotone on the Loewner order of PSD matrices, we can use the
above approach to construct a fractional solution A supported on the spectral spanners
such that f(A) is at least the optimum (up to a loss that depends on «). Then, we can
use randomized rounding ideas to round the the matrix A to an integral solution of f.

See section 6.6.2 for further examples.

We complement the above theorem by showing the above guarantee is essentially the

best possible.

Theorem 6.4. Any composable core-sets of size at most kP for the k-determinant maximization

problem must incur an approximation factor of at least (%)k(l_o(l)), forany g > 1.

Note that our lower bound of (%)k(l_o(l)) for the approximation factor achievable by
composable core-sets is substantially higher than the approximation factor et of the best

off-line algorithm, demonstrating a large gap between these two models.

6.1.3 Owverview of the Techniques

In this part, we give a high level overview of the proof of theorem 6.2. Our proof has
two steps: First, we solve the “full dimensional version of the problem, i.e., we construct

an O(d)-spectral d-spanner of size O(d) for a given set of vectors in R? as promised in
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theorem 6.1. Then, we reduce the “low dimensional” version of the problem, i.e., finding

k-spanners for k < d, to the full dimensional version in a O(k)-dimensional space.

Step 1:  Our high-level plan is to “augment” the classical greedy algorithm for finding
combinatorial spanners in graphs to the spectral setting. First, we rewrite the combina-

torial algorithm in spectral language.

Let G be a graph with vertex set V(G) and edge set E(G). Recall that for any edge e¢ =
{u,v} € E(G) b, = e, — e,. As alluded to in the introduction, if H is an a-combinatorial
spanner of G, then U = {be},cp () is an a?-spectral spanner of {b,},c £(G)- The following

1+0(1)/a edges: Start with an empty

algorithm gives an a-combinatorial spanner with n
graph H. While there is an edge f = {u,v} in G where disty(u,v) > «, add it to
H. One can observe that disty(#,v) > «a iff, for any distribution p on E(H), bfbjz A

0oy [bebl].

This observation suggests a natural algorithm in the spectral setting: At each step find
a vector v € V such that for all u supported on the set of vectors already chosen in
the spanner, vvT A & -y~ [uuT], and add it to the spanner. We can implement such
an algorithm in polynomial time, but we cannot directly bound the size of the spectral

spanner that such an algorithm constructs using our current techniques.

So, we take a detour. First, we solve a seemingly easier problem by changing the order
of quantifiers in the definition of the spectral spanner. For V C IR?, a subset U C V is a
weak a-spectral spanner of V, if for all v € V and x € RY there is a distribution y y on
U such that

(v,x)* < a By, [(u, x}z} equiv  (v,x)%> < a- Iileag(u,x)z.
To find a weak spectral spanner, we use the analogue of the greedy algorithm: Let U be
the set of vectors already chosen; while there is a vector v € V and x € R¥ such that

(x,0)? > a - max,ey (u, x)*> we add argmax,(x,v)? to U.
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We prove that for « = O(d) the above algorithm stops in O(d) steps. Suppose that the al-
gorithm finds vectors uy, . .., u, together with corresponding “bad” directions x, ..., x,
where x; being a bad direction for 1; means that

(ui,xi>2 > oc(uj, xi>2,V1 <i<mV1<j<i (6.1)
We need to show that m = O(d). We consider the matrix M € R™*" where M; ; = (u;, x;).
By the above constraints M is diagonally dominant and approximately lower triangular
matrix. But since M has rank at most 4 as it is the inner product matrix of vectors lying
in R?, we conclude that m = O(d). Note that in the extreme case, where M is truly lower
triangular the latter fact obviously holds because then rank(M) = m. As a side result, we
also show that the rank of lower triangular matrices is robust under small perturbations,

(see lemma 6.17).

The above argument shows that the spectral greedy algorithm gives a weak spectral
spanner for a = O(d) of size O(d). To finish the proof of theorem 6.1 we need to find a
(strong) a-spectral spanner from our weak spanner. We use a duality argument to show
that any weak spectral spanner is indeed an a-spectral spanner. Let U be a weak spectral
spanner. To verify that U is an a-spectral spanner, we need to find a distribution u;,
for any v € V supported on U such that vo! < a-E,y, [uuT]. We can find the best
distribution y, using an SDP with variables p, for all u € U denoting IP,,, (u). Instead of
directly bounding the primal, we write down the dual of the SDP and use hyperplane

separating theorem to show that indeed such a distribution exists.

It was pointed to us by an anonymous reviewer that one can use approximate John’s
ellipsoid [13] to find an O(d)-weak-spectral d-spanner of size O(d). This improves the
guarantees of our algorithm by a log d factor. We discuss the details at the end of Section
6.4.1. Let us briefly mention the advantages of our algorithm over the John’s ellipsoid
method: First, in finding the weak spanner one can tune the value of « in (6.1) based on
the structure of the given data points and the ideal size of the core-set. We also expect

that in many real world applications, one can use our algorithm to obtain polylog(d)-
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spectral d-spanners of size O(d). Secondly, to implement our algorithm we only need
to solve linear programs with O(d) many variables. This requires polynomially smaller
amount of memory compared to the SDP solvers one needs to use to solve the John’s

ellipsoid. Lastly, our algorithm is easier to parallelize.

Step 2:  To reduce the k-spanner problem to the “full dimensional” case, we use the
greedy algorithm of [31] to find a set of vectors W C V of size O(k) such that for any
veV,

ZJ<W>MJZW>L =<k O(1) - By [wwT] (6.2)

where the expectation is over the uniform distribution on W, and vy, represents the
projection of v onto the space orthogonal to the linear subspace spanned by W. Then, we
project all vectors in V onto the space (W), and we solve the full dimensional version,
i.e., we find U C V of size O(|W|) such that for any v € V, there exists a distribution y,
supported on U which satisfies

om0l < O) - Bum, [1wy iy | - (63)

Ideally on the RHS of the above, we need to have uuT instead of u <W>uz which can

W)
be achieved by incurring an extra constant factor by applying (6.2). It is not hard to see

from the above two equations that U U W is an O(k)-spectral k-spanner for V.

It remains to find the set W C V satisfying (6.2). We use the following algorithm: Let
W = @. Fori = 1,...,0(k), add argmax,,, oLl to W. Intuitively, we greedily
choose a set of vectors of size O(k) to minimize the projection of the remaining vectors

in the orthogonal space of (W).

To prove (6.2), we need to show
U<W>J_U.<I-W>J_ <k O(1) - Egry [wwT].

Equivalently, after choosing the worst projection matrix onto a d — k 41 linear subspace,
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it is enough to show

d
[0y 1P < O(1) - Y Ai(Bapmy [woT]). (6.4)
i=k

To prove the above inequality, we use properties of the greedy algorithm to study singu-
lar values of the matrix obtained by applying the Gram-Schmidt process on the vectors

in W.

Lower bounds. As we discussed in the intro, it is not hard to prove that the guarantee
of theorem 6.1 is tight in the worst case. However, one might wonder if it is possible
to design better composable core-sets for determinant maximization and related spectral
problems. We show that for many such problems we obtain the best possible composable

core-set in the worst case. Let us discuss the main ideas of theorem 6.4.

We consider the case k = d for simplicity of exposition. For a set V C R¥ and a linear
transformation Q € R%*4, define QV = {Qu}yey. Choose a set V C R? of unit vectors
such that for any distinct u,v € V, <u,v>2 < 1/d¥°(M) This can be achieved with high
probability by selecting points in V' independently and uniformly at random from the
unit sphere. Recall that the set V' can have exponentially (in d) large number of vectors.

Consider sets Ay,...,Agand By,...,B;_1 in a (2d — 1)-dimensional space such that:

e Foreach1 <i < d, let A; = R;V where R; is a rotation matrix which maps R? to

(e1,€2,...€4-1,€(4-1)4;) and it maps a uniformly randomly chosen vector of V' to

€(d—1)+i

e Foreach1 <i<d-—1, B; = {Me;}, where M is a “large” number.

Our instance of determinant maximization is simply QA;,..., QA QBy,...,QB;_1 for

a random rotation matrix Q € R(Z-1)x(2d4-1),

Observe that the optimal set of 2d — 1 vectors contains Qe(d_l) Li’sfrom QA;’s and QMe;’s

from B;’s, and has value equal to (M%~1)2. However, since Q is a random rotation, the
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core-set function cannot determine which vector in QA; was aligned with Qe(;_1);;. Re-
call that the core-set algorithm must find a core-set of A; by only observing the vectors
in A;. Thus unless core-sets are exponentially large in d, there is a good probability that,
for all 7, the core-set for QA; does not contain Qe(;_1),;. For a sufficiently large M, all
vectors QMe; from QB; must be included in any solution with a non-trivial approxima-
tion factor. It follows that, with a constant probability, any core-set-induced solution is

sub-optimal by at least a factor of 49,

Organization. In section 6.3, we formally define spectral (d)-spanners and their gener-
alization “spectral k-spanners”. In section 6.4, we introduce our algorithm for finding
spectral spanners and prove theorem 6.1. Then, in section 6.5, we generalize the re-
sult of theorem 6.1 for spectral k-spanners and show the reduction from k < d to the
full dimensional case of k = d, proving theorem 6.2. We mention applications of spectral
spanners for designing composable core-sets for several optimization problems including
k-determinant maximization in section 6.6. In particular we prove theorem 6.3. Finally

in section 6.7, we present our lower bound results and prove theorem 6.4.

6.1.4 Related work

As mentioned earlier, multiple papers developed composable core-sets (or similar con-
structions) when the objective function is equal to the logarithm of the volume. In particu-
lar, [94] showed that core-sets obtained via a greedy algorithm guarantee an approxima-
tion factor of min(k,n). The approximation ratio can be further improved to a constant
if the input points are assigned to set V; uniformly at random [91, 14]. However, these
guarantees do not translate into a multiplicative approximation factor for the volume

objective function.”

21t is possible to show that the greedy method achieves composable core-sets with multiplicative ap-

proximation factor of 20(K)  Since this bound is substantially larger than our bound obtained by spectral
spanners, we do not include the proof in this paper.
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Core-sets constructions are known for a wide variety of geometric and metric problems,
and several algorithms have found practical applications. Some of those constructions
are relevant in our context. In particular, core-sets for approximating the directional
width [3] have functionality that is similar to weak spanners. However, the aforemen-
tioned paper considered this problem for low-dimensional points, and as a result, the
core-sets size was exponential in the dimension. Another line of research [1, 61, 26]
considered core-sets for maximizing metric diversity measures, such as the minimum
inter-point distance. Those measures rely only on relationships between pairs of points,
and thus have quite different properties from the volume-induced measure considered

in this paper.

We also remark that one can consider generalizations of our problem to settings were
we want to maximize the volume under additional constraints. Over the last few years
several extensions were studied extensively and many new algorithmic ideas were devel-
oped [100, 8, 115, 44]. In this paper, we study composable core-sets for the basic version

of the determinant maximization problem where no additional constraints are present.

6.2 Preliminaries

6.2.1 Linear Algebra

Throughout the section, all vectors that we consider are column based and sitting in
R?, unless otherwise specified. For a vector v, we use notation v(i) to denote its iy,
coordinate and use ||v|| to denote its ¢, norm. Vectors vy, ..., vy are called orthonormal
if for any i, [|v;[| = 1, and for any i # j, (v;,v;) = 0. For a set of vectors V, we let (V)
denote the linear subspace spanned by vectors of V. We also use S+ to denote the linear

subspace orthogonal to S, for a linear subspace S.

Notation (, ) is used to denote Frobenius inner product of matrices, for matrices A, B €
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leXd
d d
=Y ) AiB;;=tr(ABT)

i=1j=1

where A; ; denotes the entry of matrix A in row i and column j.

Projection Matrices. A matrix IT € R?*? is a projection matrix if IT> = II. It is also
easy to see that for any v € RY,

(00T, T1) = v'ITo = (ITo, ITv) = ||TTo||%.
For a linear subspace S, we let ITg denote the matrix projecting vectors from R¥ onto S
which means for any vector v, (ITs)v is the projection of v onto S. If S is k-dimensional
and vq,...,7; form an arbitrary orthonormal basis of S, then one can see that IIs =
<Z§:1 viviT). We also represent the set of all projection matrices onto k-dimensional

subspaces by Px.

Fact 5. For any vectors u,v € R? and any projection matrix TT € R%*4
((u~+0)(u+0)T,I1) < 2(uu’ + voT,I1).

Proof. Leta = I'Tu and b = ITo. Then since IT?> = IT, we have (uuT,I1) = ||a||?, (voT,II) =
16|, and {((u + v)(u + ©)T,I1) = ||a + b||>. Now, the assertion is equivalent to

Ja+Bl12 < 2([all? + b))
which follows by Cauchy-Schwarz inequality, (a,b) < |la||||b]] < (||a||> + ||b]|?) /2. O

For a symmetric Matrix A, A1(A) > ... > A4(A) denotes the eigenvalues of A. We take
advantage of the following simple lemma which is also known as extremal partial trace.

A proof of it can be found in [116].

Lemma 6.6. Let L € R¥*? be a symmetric matrix. Then for any integer n < d,

min (IT, L) Z Ai(
HEPy d—n+1
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In particular, we use it to conclude that if xq,...,x, € R? are orthonormal vectors, then

n d
Y xTLx; > Y A(L).
i=1 d—n+1
For a matrix A, we use 01(A) > ... > 04(A) > 0 to denote singular values of A (for sym-
metric matrices they are the same as eigenvalues). Given a matrix, we use the following

simple lemma to construct a symmetric matrix whose eigenvalues are the singular values

of the input matrix and their negations.

Many of the matrices that we work with in this paper are not symmetric. Define a

symmetrization operator S, : R9*? — R?¥*?4 where for any matrix A € R?*,
0 A

AT 0
When the dimension is clear in the context, we may drop the subscript d. The following

Si(A) =

fact is immediate.

Fact 7. For any matrix A € R4, S(A) has eigenvalues 01 (A) > ... > 04(A) > —04(A)... >
—0 (A)

Proof. Let uy,...,u; and vy,...,v; be right and left singular vectors of A, respectively.
Then we have Au; = o;v; and ATo; = cju; for any 1 < i < m. Now, it is easy to
see [v; u;] and [—v; u;] are eigenvectors for S(A) with eigenvalues 0; and —o; for any

1<i<m. O

Determinant Maximization Problem. We use the notion of determinant of a subset of
vectors as a measure of their diversity. From a geometric point of view, for a subset of
vectors V = {v1,...,0;} C RY det(¥%_,v;0]) is equal to the square of the volume of
the parallelepiped spanned by V. For S, T C [d], Let Ag denote the |S| x |T| submatrix

formed by intersecting the rows and columns corresponding to S, T respectively. The
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notation dety is a generalization of determinant and is defined by

det Z det Ags.
In particular, for vectors vy,...,v, € R, detk(ﬂ.‘:1 vv!) is equal to the square of the

k-dimensional volume of the parallelepiped spanned by vy,...,v,. The problem of k-

determinant maximization is defined as follows.

Definition 6.8 (k-Determinant Maximization). Let V. = {vq,...,v,} C R be a set of
vectors, and let M € R"*" be the Gram matrix obtained from A, i.e., M;; = (v;,v;). For
an integer k < d, the goal of the k-determinant maximization problem is to choose a

subset S C V such that |S| = k and the determinant of Mg g is maximized.

For any S C [n](|S| = k), if we let V5 € R**“ be the matrix with {v;};cs as its rows, then

we have

det(Mgs) = det(VsVJ) = det(VIVs) = det () vol), (6.5)

vES
where the last equality uses the Cauchy-Binet identity. The k-determinant maximization
is also known as maximum volume k-simplex since dety(}_,cs v0T) is equal to the square of
the volume spanned by {v; };cs. We also use the following identity which can be derived
from the Cauchy-Binet formula (see fact 5) when the columns of B € R4*" are v;s and
C = BT.

det i Z det( Zv v, (6.6)
i=1

SG([ )y s

We use it to deduce the following simple lemma
Lemma 6.9. For any set of vectors vy,...,vy € R4 and any integer 1 <k <d,

det (é viviT> Z det (Zvv )

) ieS

Proof. Foraset T C [d] and any 1 < i < n, let v;7 € RF denote the restriction of v; to its
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coordinates in T. The proof can be derived as follows
n n

dket (Z vivl.T> = ) det (Z vi,TvIT) By definition of dket
= i=1

i=1 Te([Z])

= ), ) det <ZvirTviT,T> By (6.6)

= det v; 7OV = det v;ol | By definition of det
Z[n] Z[d] (zezs v Z’T> Z[n] k <ZGZS l l) Y k
Se(k) Te(k) Se(k)
]

We also use the following identities about the determinant of matrices. For a d x d matrix

A, we have
d
det(A) = [ Jai(A).

i=1

If A is lower(upper) triangular, i.e. A;; =0 for j > i(j < i), we have det(A) = H’flzlAi,i-

6.2.2 Core-sets

The notion of core-sets has been introduced in [3]. Informally, a core-set for an opti-
mization problem is a subset of the data with the property that solving the underlying
problem on the core-set gives an approximate solution for the original data. This notion

is somewhat generic, and many variations of core-sets exist.
The specific notion of composable core-sets was explicitly formulated in [61].

Definition 6.10 (x-Composable Core-sets). A function c¢(V) that maps the input set V C
R? into one of its subsets is called an a-composable core-set for a maximization problem
with respect to a function f: PN if, for any collection of sets Vy,---, V), C R?, we

have

Fle(R) U= Ue(Vi)) > (ViU U Vi)
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For simplicity, we will often refer to the set ¢(P) as the core-set for P and use the term
“core-set function” with respect to c(-). The size of ¢(+) is defined as the smallest number
t such that c¢(P) < t for all sets P (assuming it exists). Unless otherwise stated, whenever

we use the term “core-set”, we mean a composable core-set.

6.3 Spectral Spanners

In this section we introduce the notion of spectral spanners and review their properties.
In the following, we define the special case of spectral spanners. Later in Definition 6.14,

we introduce its generalization, spectral k-spanners.

Definition 6.11 (Spectral Spanner). Let V C R? be a set of vectors. We say U C V is an
a-spectral d-spanner for V if for any v € V, there exists a probability distribution p, on

the vectors in U so that

oo 2By, [uu']. (6.7)

We study spectral spanners in Section 6.4, and propose polynomial time algorithms for
finding O(d)-spectral spanners of size d. Considering (6.7) for all v € V implies that if
U C V is an a-spectral spanner of V, then for any probability distribution y : V. — R,
there exists a distribution ji : U — R such that

Eoy [00T] 2 - Eyp [uuT]. (6.8)
We crucially take advantage of this property in Section 6.6 to develop core-sets for
the experimental design problem. Let f : S — R™ be a monotone function such that
f(A) < f(B) if A < B. Roughly speaking, we use monotonicity of f along (6.8) to re-
duce optimizing f on the set of all matrices of the form [E,., [vvT] for some distribution
u, to optimizing it on distributions which are only supported on the small set U. A wide
range of matrix functions used in practice lie in the category of monotone functions, e.g.
determinant, trace. More generally one can see A;(.) for any i is a monotone function,

and consequently the same holds for any elementary symmetric polynomial of the eigen-
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values. For polynomial functions of the lower-degree, e.g. trace, dety, the monotonicity
can be guaranteed by weaker constraints. Therefore, one should expect to find smaller
core-sets with better guarantees for those functions. Motivated by this, we introduce the

notion of spectral k-spanners. Let us first define the notation < to generalize <.

Definition 6.12 (<) notation). For two matrices A, B € R%*? , we say A =i B if for any
IT € Py_ii1, we have (A, IT) < (B,TI).

In particular note that A <; B is equivalent to A < B and A =<; B is the same as
tr(A) < tr(B), since P; = R¥ and P; = I. More generally, the following lemma can be
used to check if A <, B.

Lemma 6.13. Let A,B € R be two symmetric matrices. Then A =y B if and only if
Y7 Ai(B—A)>0.

Proof. Suppose that A < B. Then by definition for any IT € P; .1, (B— A,II) > 0, so

combining with Lemma 6.6, we get

0< min (B—AII) ZAB A).

IeP,;_ k+1
The other side can also be verified in the exactly reverse order. O

Now, we are ready to define spectral k-spanners.

Definition 6.14 (Spectral k-Spanner). Let V C IR? be a set of vectors. We say U C V is an
a-spectral k-spanner for V if for any v € V, there exists a probability distribution i, on

the vectors in U so that

00T Zp o - By, [uuT]. (6.9)

We may drop k, whenever it is clear from the context. Finally, we remark that spectral

k-spanners have the composability property: If Uj, U, are a-spectral spanners of Vi, V,
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respectively, then U; U U, is an a-spectral spanner of V; U V;. This property will be useful

to construct composable core-sets.

We will prove the first part of Theorem 6.2 in Section 6.5. The second part of the theorem
shows almost optimality of our results: We cannot get better than an Q(d)-spectral
spanner in the worst case unless the spectral spanner has size exponential in d. Next, here

we prove the second part of the theorem.

First, let us prove the claim for k = d. Let V be a set of %eds/ 8 independently chosen

random 1 vectors in RY. By Azuma-Hoeffding inequality and the union bound, we get

Vu,v e V: |{(u,0)| < \/%d”e

So, let V be a set where for all u,v € V, (u, 0)2 < %d”e. We claim that any dl’e-spectral

that

P >1—|V[Pe /4 >1/2.

spanner of V must have all V. Let U be such a spanner and suppose v € V is not in u.
We observe that voT A d'~¢E,,, [uuT] for any u supported on U. This is because for any
u supported on U,

Ey~p [(v,u)z} < Euu Ed”e} <

as desired.

dite = d* = ——(v,0)?

Now, let us extend the above proof to k < d. Firstly, we construct a set V C RF of
%eke/ 8 independently chosen random +1 vectors in R¥. By above argument V has no
k'~€-spectral k-spanner. Now define V' C R? by appending d — k zeros to each vector in
V. It is not hard to see that any a-spectral k-spanner of V is also an a-spectral k-spanner

of V'. Therefore, any k!~¢-spectral k-spanner of V' has all vectors of V'.
6.4 Spectral Spanners in Full Dimensional Case

In this section we prove theorem 6.2 for the case k = d. In this case we have a slightly
better bound. So, indeed we will prove theorem 6.1. As alluded to in the introduction we

design a greedy algorithm that can be seen as a spectral analogue of the classical greedy
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algorithms for finding combinatorial spanners in graphs. The details of our algorithm is

in Algorithm algorithm 6.6.

Algorithm 6.6 Spectral d-spanner(V,«): Finds an a-spectral d-spanner

Input: A set of vectors V C R,

Output: A subset U C V which is a-spectral d-spanners of V.
1: LetU = Q.
2: repeat

3: For any v € V, define a polytope

Py, = {x| Yu € U, {(x,v) > Va|{x,u)|}

4: Find a vector v such that P, is nonempty and let x be any point in P

5 Add argmax,_, {u,x)? to U.

ueV
6: until There exists v such that P, is nonempty

7: Output U.

Note that for any vector v we can test whether P, is empty using a linear program.

Therefore, the above algorithm runs in time polynomial in |V| and 4.

As alluded to in section 6.1.3, we first prove that our algorithm constructs a weak O(d)-

spectral spanner. Let us recall the definition of weak spectral spanner.

Definition 6.15 (Weak Spectral Spanner). A subset U C V C R? is a weak a-spectral
spanner of V, if for all v € V and x € R there is a probability distribution i, on U
such that

(v,x)* < a Byepy, [(u,x>2} equiv  (v,x)> < a- I;1€aL>[<<u,x>2

In the rest of this section, we may call spectral spanners strong to emphasize its difference
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from weak spectral spanners defined above. The rest of this section is organized as
follows: In section 6.4.1 we prove that the output of the algorithm is a weak a-spectral
spanner of size O(dlogd) for & = Q(dlog®d). Then, in section 6.4.2 we prove that for

any &, any weak a-spectral spanner is a strong a-spectral spanner.

6.4.1 Construction of a Weak Spectral Spanner

In this section we show that algorithm 6.6 returns an a-spectral d-spanner when « is suf-
ficiently larger than 4. At the end of this section we discuss an alternative algorithm for
tinding a weak spanner that achieves slightly better approximation guarantee. However,
we believe that this algorithm is simpler to implement, easier to parallelize and can be

tuned for practical applications.

Proposition 16. There is a universal constant C > 0 such that for « > C - dlog®d, Algorithm

algorithm 6.6 returns a weak a-spectral spanner of size O(dlogd).

First, we observe that for any a, the output of the algorithm is a weak a-spectral spanner.
For the sake of contradiction, suppose the output set U is not a weak a-spectral spanner.
So, there is a vector v € V and x € R? such that
(x,v)% > & - max(x,u)? (6.10)
uel
We show that P, is non-empty, which implies U cannot be the output. We can assume
(x,v) > 0, perhaps by multiplying x by a —1. So the above equation is equivalent to

(x,v) > /o - max,ey | (4, x)|, which implies x € P,.

It remains to bound the size of the output set U. As alluded to in the introduction, the
main technical part of the proof is to show that the rank of lower triangular matrices
is robust under small perturbations. To bound the size of U we will construct such a
matrix and we will use lemma 6.17 (see below) to bound its rank. Let uq,uy, ..., u, be
the sequence of vectors added to our spectral spanner in the algorithm, i.e., u; is the i-th

vector added to the set U. By Step 2 of the algorithm for any u; there exists a “bad”
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vector x; € R? such that

2 2
., . > . .’ .
(uj, x;)° > w 11r£1]a<xi<u] x4,

Furthermore, by construction, u; is the vector with largest projection onto x;, i.e., u; =
(x;,u)?. Define inner product matrix M € R"*"™

Mij = (u;, xj).

argmaxue 1%

By the above conditions on the vectors u;, xj, M is diagonally dominant and for all 1 <
i<mand1l<j<iwe have M;; < % So the assertion of the lemma 6.17 holds for M

and € = \/L&. By the lemma,
4o m
10g20¢' logm [’
where C for some constant C > 0. But, it turns out that rank(M) < d as it can be

rank(M) > C - min {

2
written as the product of an m x d matrix and a d X m matrix. Setting o = dlocg a implies
Ul =m < 2d18gd for large enough d, as desired. It remains to prove the following

Lemma 6.17. Let M € R"™*™ be a diagonally dominant and approximately lower triangular
matrix in the following sense

M <e -M;;V1<j<i<m, (6.11)

2
Then, there is a universal constant C > 0 such that we have rank(M) > C - min { <$) “ }

7 logm

Proof. Without loss of generality, perhaps after scaling each column of M by its diagonal
entry, we assume M;; = 1 for all i. Note that rank and (6.11) is invariant under scaling,
so it is enough to prove the statement for such a matrix. Let M; denote the top left s x s
principal submatrix of M for some integer s < m that we specify later. Note that rank is
monotonically decreasing under taking principal sub-matrices, so this operations does
not increase the rank and showing the assertion of the lemma on rank(M;s) proves the
lemma. Furthermore, (6.11) is closed under taking principal sub-matrices. We can write

M = L + E such that
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e L € R°** is a lower triangular matrix where L;; = 1 and ‘L,',j| <1,forany1 <; <

i <s. In particular, ||L|| = 1.

¢ |E||o < € (note that we may further assume E is upper triangular, but we do not

use it in our proof).

Let 01 (Ms) > ... > 05(Ms) denote singular values of M. Obviously, 0;(M;) > 0 implies
rank(M;) > i for any 1 < i <s. Considering this fact, let us give some intuition on why
M; has a large rank. Since L is lower-triangular with non-zero entries on the diagonal, it
is a full rank matrix. Moreover, entries of E are much smaller than (diagonal) entries of L.
Singular values of E are on average much smaller than those of L, so adding E to L can

only make a small fraction of singular values of L vanish. This implies that Ms = L + E

must have a high rank. Now we make the argument rigorous.

Let S(Ms),S(L),S(E) be the symmetrized versions of M;, L and E respectively (see
section 6.2.1). By fact 7, to show o;(Ms) > 0 for some i, we can equivalently prove
Ai(S(Ms)) > 0. We use Lemma lemma 2.3: Setting A = S(L) and B = S(E), for any
pair of integers ¢ < k < s such that

A(S(L)) + Aos—e(S(E)) > 0 (6.12)
we have Ay_(S(Ms)) > 0. So to prove the lemma, it suffices to find s, k and ¢ satisfying

7 logm

2
the above and k — ¢ > C - min { (ﬁ) n } for some constant C.

To find proper values of k and ¢, we use the following two claims.

Claim 6.18. For any ¢ < s,

Moo t(S(E)) > Age_gs1(S(E)) = —oy(E) > ‘”fz”F >

Claim 6.19. For any k < 35,
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Therefore, to show (6.12) it is enough to show

§2

k—1’
for k, £ < 5. We analyze the above in two cases. If mlogm < elz, then one can see that for

slog Z—f > (k—1)log (6.13)
s=m, k= L@J and ¢ = L%J, and large enough m, (6.13) holds. It implies that in

this case rank(M;) >k — ¢ > thus we are done. Now suppose that é < mlogm.

Next, we let ¢ = |4€%s?].

8logm’

We set s < m to be the largest integer such that slogs < 3 6 —.

Note that slogs < implies ¢ < Now applying ¢ = |4€%s?| into (6.13) turns it

16 16€2 410gs
into
s2
s > (k—l)logk_
So, for k = [ 512 Z -], the above is satisfied. Furthermore, in this case k — ¢ = Lﬁgsj —
[4(—:252 | > 4lggs > 25662110g2 T as s is the largest number such that slogs < 161? and
logs < 2log % So the lemma holds for C > 2%—6. O
Proof of Claim 6.18. By Fact fact 8 we know that
S
Y oi(E)? = |[E} < |E[I% - s* < € 5%
Now, by Markov inequality we get 0;(E)? < € T Therefore, the claim is proved. [
Proof of Claim 6.19. Since L is lower-tnangular we have that
]’[al =detL = ]’[Ll,Z =1, (6.14)
i=1
It follows that for any k <'s,
1 1
(6.15)

o;(L) = > .
N =) =
Now, we use the Frobenius norm to prove an upper bound on the first k — 1 singular
values. By Fact fact 8,

S
Y 0i(L)? = |[LIE < ||Llleo - 5* = %, (6.16)
i=1
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By AM-GM inequality we get

= Yl T (LR /2 \ T
E‘Ti(L)§< k—1 =\%k=1 S(k—1> '

The above together with (6.15) proves oy(L) > <ks;2l> 271 " Noting that for k <

S
27
2(s —k+1) > s completes the proof of the claim. O

We would like to thank an anonymous reviewer for suggesting an alternative algorithm
for finding weak spanners. It offers slightly better guarantees, and finds a weak d-
spectral spanner of size O(dlogd). However, as we argue, our algorithm can be made

more efficient in practice, and in particular in a distributed setting.

An alternative Algorithm. For a subset V € RY, define sym(V) to be the symmetric set
sym(V) = VU {—x|x € V}. A direct application of the separating hyperplane theorem
shows that a subset U C V is a weak a-spectral spanner of V, if conv(sym(V)) C
Vo - conv(sym(U)) where conv refers to the convex hull of the set. Knowing this, we
can apply the celebrated result of F. John [13] to get a weak d-spectral spanner. Letting
the notation MVEE of a set denote the minimum volume ellipsoid enclosing the set,
it implies that there exists a subset U C V of size O(d?) and an ellipsoid E where
E = MVEE(sym(U)) = MVEE(sym(V)) and \% C conv(sym(U)). Therefore, U is a
weak d-spectral spanner of V with size O(d?). Moreover, the size of U can be reduced
by using the result of [110] on approximating John's ellipsoids. In our case, it implies
choosing a random set of O(dlogd) points of U gives a weak d-spectral spanner of V

with high probability.

Although, the approximation guarantee can be improved by a log factor in this algo-
rithm, this improvement comes at a cost. First of all, finding the John’s ellipsoid requires
solving a semidefinite program with O(d?) variables whereas in Algorithm algorithm 6.6,
we only need to solve linear programs with O(d) many variables. This requires polyno-

mially smaller amount of memory. Furthermore, note that the main computational task
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of each step of algorithm 6.6 is to solve |V| feasibility LPs where each of them has O(d)
variables and constraints. These LPs can be solved in parallel: having access to O(|V|)
many processors, our greedy algorithm runs in poly(d) time in PRAM model of compu-
tation. This extreme parallelism cannot be achieved using the above approach. Finally,
in finding the weak spanner one can fune the value of « in (6.1) based on the structure
of the given data points and the ideal size of the core-set, making the algorithm more

suitable for applications.

6.4.2 From Weak Spectral Spanners to Strong Spectral Spanners

In this section, we prove that if U is a weak a-spectral spanner of V, then it is a strong

a-spectral spanner of V. Combining with proposition 16 it proves theorem 6.1.

Lemma 6.20. For any set of vectors V. C R?, any weak a-spectral spanner of V is a strong

a-spectral spanner of V.

Proof. Let U be a weak a-spectral spanner of V. Fix a vector v € V, we write a program

to find a probability distribution y, : U — R* such that voT < 1. E,,, [uuT], for

the largest possible J. It turns out that this is a semi-definite program, where we have a

variable p, = P, (u) to denote the probability of each vector u € U, see (6.17) for details.
max 0

s.t 6 ool < By, [uuT] (6.17)

Hy is a distribution on U

To prove the lemma, it suffices to show the optimal of the program is at least % To do
that, we analyze the dual of the program. We first show the set of feasible solutions of
the program has a non-empty interior; this implies that the Slater condition is satisfied,
and the duality gap is zero. Then we show any solution of the dual has value at least

1/«.
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To see the first assertion, we let i, be equal to the uniform distribution on U and § < ﬁ

It is not hard to see that this is a feasible solution of the program since U is a weak a-

spectral spanner.

Next, we prove the second statement. First we write down the dual.
min A
st. u'Xu<AVuel
ol Xo >1
X=0
Let (X,A) be a feasible solution of the dual. Our goal is to show A > 1. Let E = {x €
RY | xTXx < A} be an ellipsoid of radius v/A defined by X. The set E has the following

properties:
e Convexity,
e Symmetry: If x € E, then —x € E,
e U C E: By the dual constraints uTXu < A for all u € U.

Let 0 = v/+/a. We claim that o € E. Note that if o € E we obtain

1
A>0TXo > —,

QR

which completes the proof.

For the sake of contradiction suppose o ¢ E. We show that U is not a weak a-spectral
spanner. By convexity of E there is a hyperplane separating o from E. So there is a vector
e € R such that
(v,e) = Va-(5,e) > a and Vx € E, (x,e) < 1.
Moreover, by symmetry of E, for any x € E,
(x,e)? < max{(x,e), (—x,e)}? <1

Finally, since U C E, we obtain max,cy;{u,e)?> < 1. Therefore, (v,e)? £ a max,cy(u,e)?
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which implies U is not a weak a-spectral spanner. OJ

6.5 Construction of Spectral k-Spanners

In this section we extend our proof on spectral d-spanner to spectral k-spanners for k < d,
this proves our main theorem 6.2. Here is our high-level plan of proof: First we use the
greedy algorithm of [31] for volume maximization to find an O(k)-dimensional linear
subspace of R? onto which input vectors have a “large” projection. Next, we apply

theorem 6.1 to this O(k)-dimensional space to obtain the desired spectral k-spanner.

6.5.1 Greedy Algorithm for Volume Maximization

In this subsection, we prove the following statement.

Proposition 21. For any set of vectors V. C RY, and any k < d and m > 2k, there is a set
U C V of size m such that for all v € V we have

ool < 2mGn) By [un], (6.18)
where vy = IL 0 (v) is the projection of v on the space orthogonal to the span of U and p is

the uniform distribution on the set U.

As we will see in the next subsection, for m = ©@(klogk), the set U promised above
will be a part of our spectral k-spanner. Roughly speaking, to obtain a spectral spanner
of V, it is enough to additionally add a spectral spanner of {I1;;;y(v)}sey. In the next

subsection, will use theorem 6.1 for the latter part.

First, we will describe an algorithm to find the set U promised in the proposition. Then,
we will prove the correctness. We use the greedy algorithm of [31] for volume maxi-
mization to find the set U. The algorithm is described as algorithm 6.7. Given a set of
vectors V C R? and an integer ¢ < d, the goal of this greedy algorithm is to find a subset

S(|S| = t) of vectors such that the volume of the ¢- dimensional parallelepiped spanned
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by them is approximately maximized among all subsets of size t °. Let U = {uy, ..., uy}

Algorithm 6.7 Volume Maximization(V,m)
1. LetU=0Q

while |U| < m do

N

3: add argmaxcy |11,y (0)| to U
4: end while

return U.

be the output of the algorithm and suppose u; is the i-th vector added to the set, and u
be a uniform distribution on U. Fix a vector v € V for which we will verify the assertion

of the proposition. Note that if v € U the statement obviously holds. So, assume v ¢ U.

Fix a TI € Tlj 1. Observe that (v 0], IT) < ||H<u>i(v)]|2. On the other hand, by
lemma 6.6, (B~ [uuT],II) > Y7 A where Ay > Ay > ... > Ay are eigenvalues of
Ey~yu [uuT]. Therefore, to prove (6.18), it suffices to prove

d
2%

Ty (0) |1 < 2mm - Y A (6.19)
i=k

Define 11,1, ..., to be an orthonormal basis of (U) obtained by the Gram-Schmidt

H<u1>L(”2)

process on uy, ..., Uy, i.e., i = Hz_iﬂ’ iy = I I and so on. Define M € R™ to be a

(ug) L (u2)
matrix where the iy, column is the representation of u; in the orthonormal basis formed
by {i1,...,0m}, 1e, forall1 <i,j<m,

Mi,j = <M]', ﬁi>.
Note that [E,, [uuT] is the same as %MMT up to a rotation of the space. In other words,
both matrices have the same set of non-zero eigenvalues. Since eigenvalues of %MMT
are the squares of the singular values of \/LEM, to prove (6.19) it is enough to show

T g2 (0)]1% < 2m - Y 02 (m~ 12 M). (6.20)
i=k

3The approximation factor is roughly %
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Since v € V and v ¢ U we get |\H<u>¢(v)||2 < HHml,_”,ﬁmfl)L(um)Hz = M3, .. So to prove
(6.20), it suffices to show
M2, < 2m - Za (m=2M) (6.21)

Note that the above inequality can be seen just as a property of the matrix M. First, let

us discuss properties of M that we will use to prove the above:
I) M is upper-triangular as u; € (ily,..., ;).

IT) By description of the algorithm, for any i < j < m we have

M2 =T o e )l > T, oy () ] = ZM (6.22)

1o Ui

The following lemma completes the proof of proposition 21.

Lemma 6.22. Let M € R™*" satisfying (i) and (ii). For any k < m /2, we have

M2 <omE Y o2
2 < 2m 3 Lo
i=k

Proof. Here is the main idea of the proof. First, we use Cauchy-Interlacing theorem along
with property (ii) to deduce ¢; cannot be much larger than M; ;. Then, we combine it with
the fact that M is upper triangular and so det(M) = [Ti".; M;; = [T}, 0, to upper-bound
M2, by a multiple of Y./, 0?(M).

First, we show for all 1 <i < m,

oF (M) < (m—i+1)M7,. (6.23)

1
Define M; to be the (m —i+1) x (m — i+ 1) matrix obtained by removing the first i — 1
rows and columns of M. First, Cauchy interlacing theorem tells us 0;(M) < o1(M;).

Secondly, by Fact 8 and property (ii) we have
m—i+1
Mi)* < ), oi(Mi)* = [MillF < (m =i+ 1)M;
~
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This proves (6.23). Since M is upper-triangular,
m—k+1
Ytk %(M)z) L .=

1
where the mequahty follows by the AM-GM inequality and B = (= -~

k
m—k+1 e, By
(6.23),
m -1
[Tz (m) < 1‘[ —z+1M2§m51‘[M (6.24)
i=1 i=1
Using [T/, 07 = [T/.; M7, again, we get
m
[TM5 < m “B.

Using property (ii) again, we have Mlzl 2 M3, , for all i. Therefore, [T/, M ” > Mm(% k+1),
we get

M%f,nniq—k-‘rl) < mle

The lemma follows by raising both sides to 1/ (m —k +1) and using thatm —k+1 > m/2
since k < m /2. O

6.5.2  Main algorithm

In this section we prove Theorem 6.2. The details of our algorithm are described in

algorithm 6.8.

First of all let us analyze the size of the output. By definition, algorithm 6.7 returns
m vectors. Then, by theorem 6.1, algorithm 6.6 has size at most O(mlogm). Since

= O(klogk), the size of the output is |U| + |W| < O(klog® k), as desired.

In the rest of this section we prove the correctness. Fix a vector v € V, we need to find a

distribution p, on U U W such that voT =<y aEyy, [uuT] for some a = O(k).

First, by fact 5,

00T 2 2(IL 1 ()T gy 1 (0)T + gy (0) I gy (0) )
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Algorithm 6.8 Spectral-k-Spanner(V,a,k): Finds an a-Spectral k-Spanner

Input: A set of vectors V C R?, a parameter « and an integer k < d.
Output: A a-spectral k-spanner of V.
1: Set m, such that mn = O(1).
2: Run Volume-Maximization(V,m) of algorithm 6.7 and let U be the output, i.e., the
set of vectors satisfying (6.18).
3: Run Spectral-d-Spanner({I1;y(v) }vev &) of algorithm 6.6 and let W be the output of
the corresponding spectral m-spanner.

return U U {v: 1y (v) € W}

So, it is enough to prove that
Iy (0) gy (0) T+ Ty (0) Ty (0) T 2 (/ 2)Bunp, [uuT] (6.25)
We proceed by upper-bounding the LHS term by term. By proposition 21,
H<U>L(U)H<U>L(U)T =k O(1) - Ey~p [uuT] (6.26)
where y is the uniform distribution on U. So, to prove the above, it is enough to find a
distribution p, on U U W such that
Iy (0) Iy (0)T =k alBuny, [unT] (6.27)

for some & = O(k). From now on, for any vector v € V we use 9 to denote [Ty (0).

By description of the algorithm, {},cw is an O(mlog? m)-spectral m-spanner for {9 },cy.

So, there exists a probability distribution v, on W such that

00T < O(mlog® m))Eymy, [@0T]  equiv  Vx € (U) : (x,0)> < O(mlog®m)) - Eyy, [(z@,x)z]
(6.28)

In fact the above holds for any x € R?, as (x, i) = (IT;yy(x), i) for any vector u € V.

Therefore, for any I1 € I1; f;q, by summing (6.28) up over an orthonormal basis of I1

and noting m = O(klogk), we get

(I1,607) < O(K) - (B, [007,1T)],
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which by definition implies

00T =i O(k) - Eqpry, [0DT]. (6.29)
Therefore, to show (6.27) for « = O(k) it suffices to find a distribution u, on U U W such
that

But, observe that for any w € W, we can write

W' < 2 (wa + H<U>L(w)H<u>L(w)T> =k O(1) - (wwT + Ey~y [uuT])
where y is the uniform distribution over U. The first inequality follows by fact 5 and the
second inequality follows by equation (6.26) which holds for all vectors v € V. Averaging

out the above inequality with respect to the distribution v, completes the proof.

6.6 Applications

In this section we discuss applications of theorem 6.2 in designing composable core-sets.
As we discussed in the intro, we show that for many problems spectral spanners provide
almost the best possible composable core-set in the worst case. Next, we see that for any
function f that is “monotone” on PSD matrices, spectral spanners provide a composable
core-set for a fractional budgeted minimization problem with respect to f. Later, in
section 6.6.1 and section 6.6.2 we see that for a large class of monotone functions the
optimum of the fractional budgeted minimization problem is within a small factor of the
optimum of the corresponding integral problem. So, spectral spanners provide almost

optimal composable core-sets for several spectral budgeted minimization problems.

Let V C R? be a set of vectors. For a function f : ST — RT on PSD matrices and a
positive integer B denoting the budget, the fractional budgeted minimization problem is to
choose a mass B of the vectors of V, i.e., {s,},cy where ¥, s, < B, such that f(}¥, s,0v")
is minimized. This can be modeled as a continuous optimization problem, see BM for

details.
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inf f (ZVSZ;UUT> .

s.t ZSUSB

veV

Sy >0, VoeVv

BM

Definition 6.23 (k-monotone functions). We say a function f : S; — R™* is k-monotone

for an integer 1 < k < d, if for all PSD matrices A,B = 0, we have A =<} B implies

f(A) = f(B).

We say f is vector k-monotone if for all PSD matrices A, B and all vectors v & RY, if
vuT <k B, then f(A +vovT) > f(A+ B). Note that any k-monotone function is obviously

vector k-monotone as A + voT <, A+ B.

We show that an algorithm for finding a-spectral k-spanners give an a-composable core-
set function for the fractional budgeted minimization for any function f that is vector
k-monotone. We emphasize that our composable core-set does not depend on the choice

of f as long as it is vector monotone.

Proposition 24. For any 1 < k < d and any vector k-monotone function f : S; — RT,
algorithm 6.8 gives a B(f,O(k))-composable core-set of size O(k) for the fractional budgeted
minimization problem, BM(V,f,B), where for any t > 0,

f(4)

B(f,t) = jlel% FUA)

Proof. Let V1, Vy,..., V), be p given input sets for an arbitrary integer p, and let Ule Vi=
V. For each 1 <i < p, let U; be the output of Spectral k-Spanner(V;k,a). By theorem 6.2,
fora = O(k), |U;] <O(k). Let U= Uy U---UU,.

Fix a k-monotone function f and a budget B > 0 and let s = {s;},cy be a feasible
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solution of BM(V, f, B). To prove the assertion we need to show that there exists a

feasible solution § of BM(U, f, B) such that

f (Z §uuuT> < B(f,«) (Z Sp00 > (6.30)
uel veV

By composability property of spanners, U is an a-spectral k-spanner of V. Therefore, for

any v € V, there exists a probability distribution y, on U such that vo? <y a - Ey~, [uuT].

Say V = {vy,...,0n}. It follows by vector k-monotonicity of f and by U bein an «a-

spectral k-spanner that

m m
f (Z sviz;iva> > f (zxsvllevyv1 [uuT] + Zs;ww{)
i=1

i=2

2 m m
> f (lesvi]E”NV—u,- [uuT] + stiviviT> > 2 f (Zasvi]EuNHvi [””T]>
i=1 — i=1

Now, define § by 5, = Zv_ev solPy, [u] for any e U Ttis straight-forward to see that this
is a feasible solution of BM(V, f, B) since Y_,ci;5u = Yoev Lucu Pu,[tt] = Loevso < B.

Therefore,

f (Z SUUUT> > f (Z wSolE iy [uuT]> =f (Z ocs~uuuT) > B(f,a)f (Z suuuT>
veV veV uel uel

This proves (6.30) as desired. O

In general, we may not solve BM efficiently if f is not a convex function. It turns out that
if f is convex and has a certain reciprocal multiplicity property then the integrality gap
of the program is small, so assuming further that f is (vector) k-monotone, by the above
theorem we obtain a composable core-set for the corresponding integral budgeted min-
imization problems. In the next two sections we explain two such families of functions

namely determinant maximization and optimal design.

6.6.1 Determinant Maximization

In this section, we use proposition 24 to prove theorem 6.3. Throughout this section, for
an integer 1 < k < d we let f : ST — R be the map A — —det;(A)Y/%. 1t follows

from theory of Hyperbolic polynomials that for any 1 < k < d, — det;(A)/¥ is a convex
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function [53], so one can solve BM(— det,lc/ KV, k) using convex programming. Further-

more, observe that BM(— detll/ k, V, k) gives a relaxation of k-determinant maximization
problem. Nikolov [99] showed that any fractional solution can be rounded to an integral

solution incurring only a multiplicative error of e.

Theorem 6.25 ([99]). There is a randomized algorithm that for any set V C R, 1<k<d, and
any feasible solution x of BM(— det,lc/ KV, k) outputs S C V of size k such that

dl?t (Z UUT> > ¢ K max det (Z uuT> (6.31)
ueT

vES TE(‘}:) k

Proof. We include the proof for the sake of completeness. First, we explain the algorithm:

For 1 < i <k, choose a vector v with probability 3¢ (with replacement) and call it u;. It

follows that,
|
= ) %Hvesxv dket(z vol) >e . Y dket <Z xvva>
Se(})

k
dket <Z u,-u})
i=1 SE(‘{) veES vES

where first equality holds, since we have k! different orderings for selecting a fixed set

E

S of k vectors, but by Cauchy-Binet identity the RHS is equal to e~ dety (Y ey x,00T) as
desired. O

Note that the algorithm we discussed in the above proof may have an exponentially
small probability of success but [99] also gives a de-randomization using the conditional
expectation method. From now on, we do not need convexity. To use proposition 24 we

need to verify that — deti/ kis (vector) k-monotone.
Lemma 6.26. For any integer 1 < k < d, the function — det,l/ K is vector k-monotone.
Proof. Equivalently, we show —det; is vector k-monotone. Fix A = 0, and decompose it

as A =) ,c4aaT where we abuse notation and also use A to denote the set of vectors in

the decomposition of A. Also, fix a vector v and suppose vvT < B for some B >~ 0. We
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need to show dety(A 4 voT) < dety(A + B). By lemma 6.9,

d]?t(A + v0T) — dket(A) = Z det (Z aa® + Z)ZJT>

se(t) T €S

= Z det (2 aaT> (voT, ILigy1).
Se k 1 o a€es
The second equality follows by the fact that dety()_,c5aaT + vvT) is the same as the deter-

minant of the k X k inner product matrix of all of these k vectors. Using Gram-Schmidt
orthogonalization process the latter can be re-written as dety_1(¥,esaT) (00T, I1 g1 ).

Since vvT =< B for any such S we have <UUT,H<S>L> < <B,H<S>L>. Therefore,

d]?t(A—l—va) = det )+ 2 dft (ZaaT) (voT, ILigy1)

acs
< det )+ Z det <Z aaT> sy1) < dket(A + B).
k ) T o\aes
The last inequality follows by another application of Cauchy-Binet identity, lemma 6.9.

]

Now, we are ready to prove theorem 6.3. Let V C R? and suppose we are given p
subsets Vj,...,V, such that Up = V. First, by proposition 24, spectral spanners
give a B(— det]l/ k,O(k))—composable core-set of size O(k) for the fractional budgeted
minimization problem BM(— detl/ ¥, V,k). Observe that for any ¢,

dety(A)1/k dety (A)VE 1

B(— det( )k 1) = sup — =sup — 7 = —.
acst —deti(bA)E oy tdet (A)VE

So, proposition 24 gives an O(k)-composable core-set for BM(— det}(/ K V,k). But, by
1/k

theorem 6.25, the integrality gap of BM(—det,’", V,k) is e. Therefore, proposition 24
gives an O(k)*-composable core-set for integral determinant maximization problem. This

completes the proof of theorem 6.3.
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6.6.2 Experimental Design

In this section we discuss another set of applications of proposition 24 to the problem of
experimental design [108] Consider a noisy linear regression problem: Given n data points
V1,00, ...,0, € R, we are interested in learning a vector w € R from observations of
the form y; = (v;, w) + #; where the noise values 7; are i.i.d samples from a zero-mean
Gaussian distribution. Suppose we are allowed to learn parameter w by only observing
k < n data points. Letting S be the set of k chosen data points and @ be the maximum
likelihood estimation of w, w — @ has a d- dimensional zero-mean Gaussian distribution

. . . ) T _1
with covariance matrix (Y ;c5v,0; ).

In the experimental design problem the goal is
to choose k data points where the corresponding covariance matrix minimizes a given

function f : §7 — R. The formal definition of the problem is as follows.

Definition 6.27 (Experimental Design). For V C R? and f : SI — R" and an integer B,

the experimental design is the problem of finding

S*(f, k) = argminSE(g)f (Z UUT) ,
veS
where S ranges over all multi-sets of size B.

Experimental design problem has applications to linear bandit [38, 59], diversity sam-
pling [72], active learning [28], feature selection and matrix approximation [34, 11], sen-

sor placement in wireless networks [64].

Note that for any function f, BM(V, f, B) is a continuous relaxation to the above problem.
It is shown in [113, 5, ] that there is a polynomial time algorithm that if f, in addition
to being convex and monotone, has a “ reciprocal multiplicity property”, then for B > d,
the solution of BM(V, f, B) can be rounded to an integer solution losing only a constant

factor in the value.

We say a function f : S — R is regular if it is convex, monotone and f(tA) = f(A)/t

for any t > 0 and A = 0. Here are some examples of regular functions: Average
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-1
A — tr(‘?i ) Determinant A — det(A)_%, Min Eigenvalue A + ||A~!||5, Variance,

A %<Zvev voTE~1). They prove the following.

Theorem 6.28 ([5]). There exists a polynomial time algorithm that for any regular function

f: S; —R*,e<1/3and B > g—fj. outputs a multi-set S such that

f <}: va) < (1+8¢)OPT(BM(V, f,B)),

veS

Combining it with proposition 24 for k = d leads to the following corollary.

Corollary 6.29. There exists a polynomial time algorithm which finds an O(d)-composable core-
set of size O(d) for the experimental design with any reqular function and k > Cd where C is a

universal constant.

We simply use proposition 24 and the fact that any regular function is monotone, and
hence vector d-monotone. Since for any regular function f, B(f,t) = 1/t, we obtain
an O(d)-composable core-set of size O(d) for the fractional version of the experimental
design problem. But then, by theorem 6.28 any a-composable core-set for the fractional
experimental design problem is an O(a)-composable core-set for (integer) experimental
design. Again, we emphasize that given V, B, for any regular function our algorithm

outputs exactly the same composable core-set.

In section 6.7 we show that for many examples of regular functions f, the above bound

is almost optimal.
6.7 Lower Bound

In this section, we study lower-bounds on the approximation ratio and size of the com-
posable core-sets for the k-determinant maximization and the experimental design prob-
lem. In particular, we prove theorem 6.4. We also prove the bound given by corollary 6.29

is optimal up to a logarithmic factor for some of the regular functions.
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Figure 1: A Hard Input for Composable Core-sets

1. Set m = @ to have d"™/4 = O(1).

2. Consider a set G C R™*! of n = dP*2 vectors such that for every two vectors

(p,q) <O (M) (6.32)

p,q € G, we have

Vd
3. Do the following for any 1 <i < d — m:
Embed G into the space spanned by ey, ...,e, and ¢, and call it G;. Choose an
index 71; € [n] uniformly at random. Construct X; by rotating G; using a rotation
R(7;): R? — R¥ that maps the ;-th vector in G; to e, ;, and that maps the rest of
the vectors in G; to points in (eq, ..., em, €y1i)-
4. Choose a matrix Q uniformly at random from the Haar measure over the space
of rotations in R? (i.e., orthogonal d x d matrices).
5. Return QXj,...,QX;_,, and QYj,..., QY where Y; = Me; for a large enough

scalar M.

6.7.1 Construction of a Hard Input

Here, we describe a distribution over collection of vectors which turns out to be a“hard”
input for composable core-sets in many spectral problems. We use that in the next sub-
section to establish our lower-bound results. The construction of the instance is described

in Figure 1.

To construct the instance we need to start with a set of vectors G satisfying (6.32). The

following lemma guarantees the existence of the set G.

Lemma 6.30 (Implied by [33]). Let G be a set of dP*2 vectors chosen independently and uni-

formly at random from the (m + 1)-dimensional unit sphere for m = @ and B > 1. Then with

with probability at least 1 — 1/d3, for every two vectors p,q € G, we have {p,q) < O(—\/E\/ldggd)-
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C logd .
Proof. Let € = Ciy/Blogd for some constant C; that we specify later. For any two random
Vi pecity y

vectors chosen uniformly at random from the (m + 1)-dimensional unit sphere, their

inner product is distributed as N'(0,1)/+/m. Using Lemma 2.2 (b) from [33], the proba-
&2

bility that their inner product is more than €, is bounded by e 3™ (note that this uses

the fact that e?m > 27).

Thus, by union bound, the probability that for any pair of points in G, their inner
&2 _ﬁ(cllogd)z.i
product is bounded by ¢, is at least 1 — d?t4 .73 > 1 — g2p+4 . ¢ 3 logd >

1 — dPCi/3+2B+4 Setting C; = 6, this probability is at least 1 — 1/d3. O

The main property of the sets generated in Figure 1 that we use is the following.

Lemma 6.31. Let ¢ be an arbitrary core-set function. For any i = 1...d — m, the probability

that the image of ey,.; under Q is in the core-set for QX; is bounded by ‘C\(;éilnl ie.,
c(X;
Po 7[Qemti € c(QR(7;)Gi)] < %
1

Proof. From the right-translation-invariance of Haar measure, it follows that, for any
fixed value of 7;, the distribution of QR(7t;)G; is the same as the distribution of QG;.
Therefore, the joint distribution of (7r;, QR(7t;)G;) is the same as of (71;, QG;), so it suffices
to bound Py [(Gi)r € ¢(QG;)], where (G;)r, denotes the 7;-th vector in G;. Since 71

and QG; are independent, the bound follows. O

6.7.2  Lower-bounds for Composable Core-sets for Spectral Problems

Consider the collection of sets generated by the procedure described in Figure 1. Without
loss of generality we may assume Q = I, as rotation matrices do not change spectral
quantities we are interested in. So let Xj,...,X;_,, and Yj,...,Y,, be the output sets.
We are only interested in polynomial size core-sets, so fix a core-set function c that

maps any set in R? to its subsets of size at most dP for some constant 8 > 1. Using
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Lemma 6.31 and union bound, the probability that for at least one 1 < i < d —m we

have e, ; € ¢(X;), is at most (d — m) - )| < (d m)dﬁ < 1/d. So WLOG we can assume

| Xi]
(Qem+i =emti € c(X;) forany 1 <i < d—m. It implies the following assumption that

we crucially use in the future proofs.

Assumption. For any u € U= ¢(X;),
d—m 2
log”d
<H<em+11--~red>’uuT> - Z <1/l, €m+j>2 = © <‘B dg ) . (633)

j=1

To see this, suppose u € ¢(X;) for some i. Since X; C (e1,...,em,em+i) by construction,
we have (u,e,,,;) = 0 for j # i. Moreover, we assumed e, 1; & c(X;), 50 (U, ey1;) <

O(%) by (6.32).

We also define

v= (U x) U (U y) and U= (U5 ex))U(Ue(v). 634

In what follows we assume (6.33) holds.

Proof of theorem 6.4. First let us proof the theorem for k = 4. Consider the core-set
function ¢ and input sets X, ..., Xy, Y1,..., Y explained above. Consider the optimal
set of d vectors maximizing the determinant on the union of the input sets, V. It con-
tains ey, 41, - - - , €4 from the sets Xy, - - -, X;_,,, respectively, and the points Mey, - - - , Mey,
from the sets Yj,---,Y), respectively. The value of this solution is equal to (Mm)z.
At the same time, the optimal solution from the union of the core-sets U must con-
tain the m vectors Mey, -, Mey, from the sets Yi,---,Y),, if we set M to be large
enough. Any other set of k —m = d — m vectors must be chosen from the union of

core-sets ¢(X;). So by Hadamard inequality we get the optimum is at most (M™)? -

—m .

maxye <<H<em+1'---red>ir uuT>> which results in a value of at most ( (\/E/(O(\/ME) D )2 =
2m 2(d—m)

M (O(\/fd)_fgd) by assumption (6.33). Hence the approximation ratio is at least

(d/(0(y/B) logd)?)?~™. Noting m = @ = 0(d) completes the proof for k = d.

To extend the above proof for smaller k, we can consider the same instance in d' = k
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dimensions, and then append the vectors with d — d’ zeros. It is straight-forward to see

this gives us the same result for any value of k < d, yielding Theorem 6.4. O

Now, we present our lower-bounds on the approximation ratio of composable core-sets
for the experimental design problem. Again, we consider the aforementioned core-set

function ¢ and input sets X1,..., Xy, Y1,..., Y.

Proposition 32. Composable core-sets of size at most dP for the experimental design problem
with respect to the function A +— ||A™Y|, and size parameter B > Cd have an approximation

factor of at least O(,Blongd)' for any B > 1 and a universal constant C.

Proof. Note that it is enough to show the same lower-bound for the corresponding
fractional budget minimization problem (BM). Since as pointed out in section 6.6, the
relaxation BM has constant integrality gap when the conditions of theorem 6.28 are
satisfied (which is satisfied for large enough C). Therefore, we show for any B and

f=(Ar[|A7Y]2),

OPT(BM(U, f,B)) _ (_ d
OPT(BM(V,f,B)) = "\ Blog?d

where V and U are defined by (6.34). Let us first find an upper bound on the optimal

on V. For simplicity we work with the reciprocal of f (note that for any A € S, ﬁ =
A4(A)). Picking Me; € B; forany 1 <i < m, and e,,,; € A;forany 1 <i < d—m, all

with multiplicity 5, we can deduce

1 > A B d_me el —|—iMZe-eT >E
OPT(BM(V, f,B)) = "\ d \ & "+mti s090)) =

1
for M > 1. So in order to prove the theorem, is suffices to show for any feasible solu-

tion s € RY of BM(U, f, B) (which means ¥_,c;;s; < B), we have Ay (Y,cysuuu’) <
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O (ﬁ'B;(;gzd). We have

Ag (Z suuuT> < — 1 (Z suuuT>
uel B i=m uel

< d - < %{suuu A, 1,._.’ed>> By lemma 6.6
u
< LucuSu Blog*d
SS9\ By (6.33)
which completes the proof, as ), ;54 < B. -

Proposition 33. Composable core-sets of size at most dP for the experimental design problem
with respect to the function A — det(A) V4 and size parameter B > Cd have an approximation

factor of at least O(—25-), for any B > 1 and a universal constant C.

Blog 2d

Proof. Similar to the previous proposition, it is enough to show that for function f =

A+ det ~1/4 and any B
OPT(BM(UL f,B)) d
OPT(BM(V, f,B)) = "\ Blog?d
where U and V are defined in (6.34). let us first find an upper bound on the optimum

on V (or equivalently a lower-bound on its reciprocal). If we choose ¢, ; from X; for any

1 <i<d—mand Me; from Y; for any 1 < j < m with equal weights of B/d, we get

W(V,fﬂ) > gMzm/ 4.S0 in order to prove the theorem it suffices to show

1 i Blog*d
— 2 ’ T < 2m/d
OPT(BM(U,f, B) = det ( Sulth ) EM ( d?

uel
for any feasible solution s € RY, ie. Y,cys(u) < B. By Cauchy-Binet we know

det (Y, cyysuuuT) = (ZSG( )det(zues suuuT)>. Taking M to be large enough implies

the summation is dominated by terms containing all vectors Me;, ..., Mey. So letting
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H = (ey+1,---,€5), we have

et (Z SWMT) = M*™(1+0(1)) - Z det (2 se]e]e] + Z suuuT>

uell se(,U ) ues

= M?"(1+0(1 Hse] ) det (Z Sul Ty (u)TTgy (u;)7 )
)

Se(dym ues
Now, note that if p,q € U both belong to the same c(X;), then the corresponding de-

terminant in the summation is zero as p,q € (e1,...,em, emii) by construction. So we

have

et (Z suuuT) M*(1+0(1 HSe] Y det (Z Su I Lpr (1) 1Ty (1) T )
)

uel (Ug,eeesUg—p
S
C(Xl) X...,XC(Xd,m)

§M2m(1+0(1))-ﬁselm (dl—f Y. su)- max det (ZHH

j:1 i=1 MEC(XZ') Se(ﬂl m)d " ues
(6.35)
We can further simplify the above by combining Hadamard inequality and (6.33). It
implies
loe? d (d—m)
max  det (Z HH(u)HH(u)T> < max H Ty ()2 < O (ﬁ °8 ) (6.36)
se(,4,) 4™ \ues Se(4l) ues d

Furthermore, by AM-GM inequality we get that ]_[;-”:1 Se; - (]—[ Zuec ) < <%)
g—;’. Combining the above with (6.35) and (6.36) proves

1/d 5 N (d=m)/d
det(ZsuuuT> §M2m/d-E.O<,510g d) .
uel d d

Noting d>"/4 = O(1) completes the proof. O

d
<
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Chapter 7

COMPOSABLE CORE-SETS FOR DETERMINANT MAXIMIZATION:
FROM A PRACTICAL PERSPECTIVE

In the previous chapter, we introduced the notion of spectral spanners and used them to
construct composable core-sets for the determinant maximization problem. Although the
guarantees of the resulting method are theoretically almost optimal, and the algorithm
can be simply implemented and run in polynomial time, it might not be yet efficient
in practice for very large datasets. In this chapter we study construction of composable
core-sets for the determinant maximization problem from a more practical perspective.

In particular, we study two popular heuristics for the problem:

1. The Greedy algorithm that has been previously used in similar contexts for the
submodular maximization problem. We provide a theoretical approximation guar-

antee of O(CkZ) in the context of composable core-sets.

2. We propose a Local Search based algorithm that while being still practical, achieves

a nearly optimal approximation bound of O(k)?*.

Further, we implement these two proposed methods and compare them with the optimal
method via spectral spanners to show the effectiveness of these methods on standard

datasets.
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7.1 Introduction

Given a set of vectors P ¢ R? and an integer 1 < k < d, the goal of the determinant
maximization problem is to find a subset S = {v4, ..., v} of P such that the determinant
of the Gram matrix of the vectors in S is maximized. As pointed out before, in the
language of DPPs this problem corresponds to the problem of finding the most diverse
subset in a set of given items; in this context the problem has found several applications
in machine learning over the last few years [72, 93, 52, 119]. Many of these applications
need to handle large amounts of data and consequently the problem has been considered
in massive data models of computation [93, , , 96, 94, 91, 14]. One strong such
model that we consider, is composable core-set [61] which is an efficient summary of a data
set with the composability property: union of summaries of multiple data sets should
provably result in a good summary for the union of the data sets (see definition 6.10 for
the formal definition). If designed for a task, composable core-sets will further imply
efficient streaming and distributed algorithms for the same task. This has lead to recent

interest in composable core-sets model since its introduction [91, 10, 60].

An almost optimal approximate composable core-set. In the previous chapter, we de-
signed composable core-sets of size O(klogk) with approximation guarantee of O(k)*
for the determinant maximization problem. Moreover, we showed that the best approxi-
mation one can achieve is Q(kk~°(X)) for any polynomial size core-sets, proving that their
algorithm is almost optimal. However, its complexity makes it less appealing in practice.
First of all, the algorithm requires an explicit representation of the point set, which is
not present for many DPP applications; a common case is that the DPP kernel is given
by an oracle which returns the inner product between the points; in this setting, the
algorithm needs to construct the associated gram matrix, and use SVD decomposition to
recover the point set, making the time and memory quadratic in the size of the point-set.
Secondly, even in the point set setting, the algorithm is not efficient for large inputs as it

requires solving O(kn) many linear programs, where 1 is size of the point set.
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In this chapter, we focus on two simple to implement algorithms which are typically
exploited in practice, namely the Greedy and the Local-Search algorithms. We study
these algorithms from theoretical and experimental points of view for the composable
core-set problem with respect to the determinant maximization objective, and we com-
pare their performance with the algorithm of the previous chapter, which we refer to as

the Spanner-based algorithm.

7.1.1 Our Contributions

Greedy algorithm. The greedy algorithm for determinant maximization has been de-
scribed in algorithm 4.1. The algorithm proceeds in k iterations and at each iteration it
picks the point that maximizes the volume of the parallelepiped formed by the set of
points picked so far. [31] has studied the approximation of the greedy algorithm in the
standard setting. In the context of submodular maximization over large data sets, vari-
ants of this algorithm have been studied [94]. One can view the greedy algorithm as a
heuristic for constructing a core-set of size k. To the best of our knowledge, the previous
analysis of this algorithm does not provide any multiplicative approximation guarantee

in the context of composable core-sets.!

Our first result shows the first multiplicative approximation factor for composable core-

sets on the determinant maximization objective achieved by the Greedy algorithm.

Theorem 7.1. Given a set of points P C IRY, the Greedy algorithm achieves a O(Ckz)-composable

coreset of size k for the determinant maximization problem, where C is a constant.

The Local Search algorithm. Our main contribution is to propose to use the Local
Search algorithm for constructing a composable core-set for the task of determinant
maximization. The algorithm starts with the solution of the Greedy algorithm and at

each iteration, swaps in a point that is not in the core-set with a point that is already in the

LFor more details, see related work.
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core-set, as long as this operation increases the volume of the set of picked points. While
still being simple, as we show, this algorithm achieves a near-optimal approximation

guarantee.

Theorem 7.2. Given a set of points P C RY, the Local Search algorithm achieves an O(k)%-

composable coreset of size k for the determinant maximization problem.

Directional height. Both of our theoretical results use a modular framework: In Section
7.3, we introduce a new geometric notion defined for a point set called directional height,
which is closely related to the width of a point set defined in [4]. We show that core-sets
for preserving the directional height of a point set in fact provide core-sets for the deter-
minant maximization problem. Finally, we show that running either the Greedy (Section
7.5) or Local Search (Section 7.4) algorithms on a point set obtain composable core-sets
for its directional height. We believe that this new notion might find applications else-

where.

Experimental results. Finally, we implement all three algorithms and compare their
performances on two real data sets: MNIST[78] data set and GENES data set, previously
used in [15, 83] in the context of DPPs. Our empirical results show that in more than 87%
percent of the cases, the solution reported by the Local Search algorithm improves over
the Greedy algorithm. The average improvement varies from 1% to up to 23% depending
on the data set and the settings of other parameters such as k. We further show that
although the Local Search algorithm picks fewer points than the tight approximation

algorithm of [60] (k vs. upto O(klogk)), its performance is better and it runs faster.

7.1.2 Related Work

In a broader scope, determinant maximization is an instance of the (non-monotone) sub-
modular maximization where the logarithm of the determinant is the submodular objec-

tive function. There is a long line of work on distributed submodular optimization and
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its variants [30, 12, 96, 73]. In particular, there has been several efforts to design com-
posable core-sets in various settings of the problem [96, 91, 14]; In [96], authors study
the problem for monotone functions, and show the greedy algorithm offers a min(m, k)-
composable core-set for the problem where m is the number of parts. On the other
hand, [61] shows that it is impossible to go beyond an approximation factor of Q(%)
with polynomial size core-sets. Moreover, [91, 14] consider a variant of the problem
where the data is randomly distributed, and show the greedy algorithm achieves con-
stant factor “randomized” composable core-sets for both monotone and non-monotone
functions. However, one can notice that these results can not be directly compared to the

current work, as a multiplicative approximation for determinant converts to an additive

guarantee for the corresponding submodular function.

As discussed before, the determinant is one way to measure the diversity of a set of items.
Diversity maximization with respect to other measures has been also extensively studied
in the literature, [55, 51, 22, 16]. More recently, the problem has received more attention
in distributed models of computation, and for several diversity measures constant factor
approximation algorithms have been devised [120, 61, 26]. However, these notions are
typically defined by considering only the pairwise dissimilarities between the items; for
example, the summation of the dissimilarities over all pairs of items in a set can define

its diversity.

One can also go further, and study the problem under additional constraints, such as
matroid and knapsack constraints. This has been an active line of research in the past
few years, and several centralized and distributed algorithms have been designed in
this context for submodular optimization [92, 80, 81, 29] and in particular determinant

maximization [45, ].
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7.2 Preliminaries

Throughout the chapter, we fix d as the dimension of the ambient space and k(k < d) as
the size parameter of the determinant maximization problem. We call a subset of R a
point set, and use the term point or vector to refer to an element of a point set. For a set
of points S C R and a point p € RY, we write S + p to denote the set SU {p}, and for a
point s € S, we write S — p to denote the set S\ {s}.

Let S be a point set of size k. We use VOL(S) to denote the k-dimensional volume of the
parallelepiped spanned by vectors in S. Also, let Mg denote a k x d matrix where each
row represents a point of S. Then, the following relates volume to the determinant
det(MsM]) = VOL*(S).

So the determinant maximization problem can also be phrased as volume maximization.
We use the former, but because of the geometric nature of the arguments, sometimes
we switch to the volume notation. For any point set P, we use MAXDET} to denote
the optimal of determinant maximization for P, i.e. MAXDET(P) = maxg det(MgM]{),

where S ranges over all subsets of size k. MAXVOL is also defined similarly.

For a point set P, we use (P) to refer to the linear subspace spanned by the vectors in P.
We also denote the set of all k-dimensional linear subspaces by Hj. For a point p and a

subspace H, we use dist(p, 1) to show the Euclidean distance of p from H.

Greedy algorithm for volume maximization. As pointed out before, a widely used al-
gorithm for determinant maximization in the offline setting is a greedy algorithm which
given a point set P and a parameter k as the input does the following: start with an
empty set C. For k iterations, add argmax,,.p dist(p, (C)) to C. The result would be a

subset of size k which has the following guarantee.

Theorem 7.3 ([31]). Let P be a point set and C be the output of the greedy algorithm on P. Then
VOL(C) > MAXVOL(P)
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7.3 k-Directional Height

As pointed out in the introduction, we introduce a new geometric notion called direc-
tional height, and reduce the task of finding composable core-sets for determinant maxi-

mization to finding core-sets for this new notion.

Definition 7.4 (k-Directional Height). Let P C R“ be a point set and H € H;_; be
a (k —1)-dimensional subspace. We define the k-directional height of P with respect
to H, denoted by h(P,H), to be the distance of the farthest point in P from #, i.e.,
h(P,H) = max,ep dist(p, H).

The notion is an instance of an extent measure defined in [4]. It is also related to the
notion of directional width of a point set previously used in [4], which for a direction

vector v € R? is defined to be maxpep(v - p) — min,ep(v - p).

Next, we define core-sets with respect to this notion. It is essentially a subset of the point
set that approximately preserves the k-directional height of the point set with respect to

any subspace in H.

Definition 7.5 (x-Approximate Core-set for the k-Directional Height). Given a point set
P, a subset C C P is a a-approximate core-set for the k-directional height of P, if for any

H € Hi_1, we have h(C,H) > h(P,H)/«.

We also say a mapping c(.) which maps any point set in R? to one of its subsets, is an
n-approximate core-set for the k-directional height problem, if the above relation holds

for any point set P and c(P).

The above notion of core-sets for k-directional height is similar to the notion of e-kernels

defined in [4] for the directional width of a point set.

We connect it to composable core-sets for determinant maximization by the following

lemma.
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Lemma 7.6. Let P, ..., Py € R be an arbitrary collection of point sets, and for any i, let c(P;)

be an w-approximate core-set for the k directional height for P;. Then

MAXDET( UP ) < a?k. MAXDETk(U c(P)).
i=1 i=1

Proof. Let W C U/, P; be any subset of size k, and also let w € W\ U"; c(P;). We
claim that there is a point g in the union of the core-sets such that « - VOL(W — w 4 gq) >
VOL(W). Note that showing this claim is enough to prove the lemma. Since, one can
start from the optimum solution which achieve the largest volume on J;.; P;, and for at
most k iterations, replace a point outside |J!"; c(P;) by a point inside, while decreasing

the volume by a factor of at most a.

So it remains to prove the claim. Let W = {w+, ..., wi}, and let H = (wy, ..., wy) € Hi_4
be the plane spanned by wy, ..., wy. By definition, VOL(W) = dist(w;, H) - VOL(W —
w1). On the other hand, suppose that wy € P;. Then by our assumption, there exists

g € c(P) so that dist(g, H) > 9istLf)

VOL(W — wy + q) = dist(g, H) - VOL(W — w;)

_ dist(wy, H) - VOL(W — w;) _ VOL(W)
= « - «

. Replacing w; with g, we get

which completes the proof.

Corollary 7.7. Any mapping which is an x-approximate core-set for k-directional height, is an

2k

a~X-composable core-set for the determinant maximization.

We employ the above corollary to analyze both greedy and local search algorithms in

Sections 7.4 and 7.5.
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7.4 The Local Search Algorithm

In this section, we describe and analyze the local search algorithm and prove theorem 7.2.

The algorithm is described in algorithm 7.9.

To prove theorem 7.2, we follow a two steps strategy. We first analyze the algorithm for
individual point sets, and show that the output is a (2k)-approximate core-set for the

k-directional height problem, as follows.

Lemma 7.8. Let P be a set of points and c(P) be the result of running the local search algorithm

on P. Then, forany H € Hy_1,
h(P,H)

h(c(P),H) > (A +e)

Next, we apply corollary 7.7, which implies that local search gives (2k(1 + ¢€))?*-composable
core-sets for the determinant maximization. Clearly this completes the proof of the the-

orem by setting € to a constant.

So proving theorem 7.2 boils down to showing lemma 7.8. Before, getting into that, we
analyze the running time, and present some remarks about the implementation of the

algorithm.

Running time. Let Cy be the output of the greedy. By theorem 7.3 #O(%{)(P) > %

The algorithm starts with Cyp and by definition, in any iteration increases the volume

by a factor of at least 1 + ¢, hence the total number of iterations is O(; klogk

each iteration can be naively executed by iterating over all points in P, forming the

corresponding k x k matrix, and computing the determinant in total time O(|P| - kd -

K| P]).

We also remark that unlike the algorithm in [60], our method can also be executed with-
out any changes and additional complexity, when the point set P is not explicitly given

in the input; instead, it is presented by an oracle that given two points of P returns their
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inner product. One can note that in this case the algorithm can be simulated by querying

this oracle for at most O(|P|k) times.

Algorithm 7.9 Local Search Algorithm

Input: A point set P C R, integer k, and € > 0.
Output: A set C C P of size k.

1: Initialize C = @.

2: fori=1tok do

3: Add argmaxpep\CVOL(C +p) to C.

4: end for

5: repeat

6: If there are points g € P\ C and p € C such that

VOL(C 4+ g — p) > (1+ €)VOL(C)

replace p with 4.
7: until No such pair exists.

return C.

7.4.1  Proof of lemma 7.8

With no loss of generality, suppose that € = 0, the proof automatically extends to € #
0. Therefore, c(P) has the following property: for any v € P\ c¢(P) and u € c(P),
VOL(c(P)) = VOL(c(P) — u +v). Fix H € Hy_1, and let p = argmax,,. p dist(p, H). Our
goal is to show there exists q € c¢(P) so that dist(g, H) > %.

Let G = (c(P)) be the k-dimensional linear subspace spanned by the set of points in the
core-set, and let pg be the projection of p onto this subspace. We proceed with proof by
contradiction. Set dist(p, ) = 2x, and suppose to the contrary that for any q € c(P),

dist(q,H) < ¥. With this assumption, we prove the two following lemmas.
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Lemma 7.9. dist(p, pg) < x.
Lemma 7.10. dist(pg, H) < x.

One can note that, combining the above two lemmas and applying the triangle inequality
implies dist(p, H) < dist(p, pg) + dist(pg, H) < 2x, which contradicts the assumption
dist(p, H) = 2x and completes the proof.

Therefore, it only remains to prove the above lemmas. Let us first fix some notation. Let

c(P) ={q1,...,qx} and for any i, let G; denote the (k — 1)-dimensional subspace spanned
by points in ¢(P) \ {g;}

Proof of lemma 7.9. For 1 < i < k, let g be the projection of q; onto . We prove that there
exists an index j < k such that we can write q; = Y.ixjaiq; where every a; < 1. Let r be
the rank, i.e., maximum number of independent points of C' = {gi|i < k} and clearly
as H has dimension k — 1, we have r < k — 1. Take a subset S C C’ of r independent
points that have the maximum volume and let q} be a point in C'\ S and note that this
point should exist as there are k points in the core-set. Thus we can write q;. = Liyles wigh.
With an idea similar to the one presented in [31], we can prove that the following claim

holds.

Claim 7.11. For any i such that q; € S, we have |a;| < 1.

Proof. We prove that if the claim is not ture, then S\ {7/} U {q;} has a larger volume
than S which contradicts the choice of S. Let F be the linear subspace passing through
VOL(S) _ dist(q},F) . .
VoLV — astq7)" This means that dist(q}, ) >
dist(q;, /). However, if |a;| > 1 then since g; is the only point in S which in not in F,

S\ {q:}. Ttis easy to see that

then dist(q;, F) > dist(q!, F) which is a contradiction. O

Finally, for any g} ¢ S, set the corresponding coefficient a; = 0. So we get that q;- =
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)i+ iq; where every |a;| < 1.

Now take the point g = };,;a;q;. Note that, q;. is in fact the projection of g onto H.

Therefore, using triangle inequality, we have

dist(q;,q) = dist(q,H) < ; |a;| dist(q;, H)
iZf (7.1)

< (k—=1)x/k.
Then we get that

dist(p, pg) = dist(p,G)

< dist(p,G;) asG;C G

< dist(g;,G;) by the local search property

< dist(q;,q) asq€g;

< dist(q;,q;) + dist(q;,q) by triangle inequality

< x/k+ (k—1)x/k by our assumption and Equation 7.1

=X

Proof of lemma 7.10. Again we prove that we can write pg = Y*_, a;q; where all |a;| < 1.
We assume that the set of points g; are linearly independent, otherwise the points in P
have rank less than k and thus the volume is 0. Therefore, we can write pg = Zﬁ-‘zl ®iq;.
Note that for any i, we have
dist(pg, G7) < dist(p, G;)
< dist(g;,G;) Dby the local search property

where the first inequality follows since G; is a subspace of G and pg is the projection of
p onto G. Again, similar to the proof of Claim 7.11, this means that |«;| < 1. Therefore,

using triangle inequality

k k
dist(pg, H) = dist()_ aiq;, H) < Y |aj| dist(g;, X
i=1 i=1

<kxx/k=x
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7.5 The Greedy Algorithm

In this section we analyze the performance of the greedy algorithm (seesection 7.2) as a
composable core-set function for the determinant maximization and prove theorem 7.1.
Our proof plan is similar to the to the analysis of the local search. We analyze the
guarantee of the greedy as a core-set mapping for k-directional height, and combining

that with corollary 7.7 we achieve the result. We prove the following.

Lemma 7.12. Let P be an arbitrary point set and c(P) denote the output of running greedy on
P. Then, c(P) is a (2k) - 3*-approximate core-set for the k-directional height of P, i.e. for any
H € Hj_q we have

h(c(P),H) > 2;3,{-

h(P,H)

So the greedy is a (2k - 3F)-approximate core-set for k-directional height problem. Com-
bining with corollary 7.7, we conclude it is also a (2k - 3F)% composable core-set for the

determinant maximization which proves theorem 7.1.

7.5.1 Proof of lemma 7.12

The proof is similar to the proof of lemma 7.8. Let G = (c(P)) be the k-dimensional
subspace spanned by the output of greedy. Also for a point p € P, define pg to be

its projection onto G. Fix H € Hy_1, let h(c(P),H) = % for some number x, which

&R R

in particular implies that for any q € c(P), dist(q, ) < ¥. Then, our goal is to prove

h(P,H) < 2-3F. x. We show that by proving the following two lemmas.
Lemma 7.13. For any p € P, dist(pg, H) < 2K 1x.

Lemma 7.14. For any p € P, dist(p, pg) < 3Fx.
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Clearly, combining them with triangle inequality, we get that for any p € P, dist(p, H) <
2 - 3%x, which implies h(P,H) < 2- 3" - x and completes the proof. So it remains to prove

the lemmas.

Let the output of the greedy c(P) be g3, ..., qx with this order, i.e. g7 is the first vector
selected by the algorithm.

Proof of lemma 7.13. Recall that g, ..., gk is the output of greedy. For any p € P and for
any 1 <t <k, let G: = (q1,...,q:) and define p' to be the projection of p onto G;. We

prove the lemma by showing the following claim.

Claim 7.15. Forany p € P and any 1 < t < k, we can write p' = Y!_; a;q; so that for each i,
|Dél'| < 2t-1,

Let us first show how the above claim implies the lemma. It follows that we can write
pg = p* = Y5 a;q; where all |a;| < 28=1. Now since for each i < k, dist(g;, H) < x/k by
assumption, we have that dist(pg, 1) < Y a; dist(g;, 1) < 28~ !x. Therefore, it suffices to

prove the claim.

Proof of claim 7.15. We use induction on t. To prove the base case of induction, i.e., t =1,
note that g; is the vector with largest norm in P. Thus we have that ||p!| < |/q1]| and
therefore we can write p! = a1q; where |a;| < 1. Now, lets assume that the hypothesis
holds for the first ¢ points; that is, the projection of any point p onto G; can be written as

Yj<t &jqj where ‘oc]-"s are at most 2/ 1.

Now, note that by the definition of the greedy algorithm, g;,; is the point with far-
thest distance from G;. Therefore, for any point p € P\ {q1, -+ ,qt+1}, we know that
dist(p, G;) < dist(g¢+1,Gt), and thus, dist(pt+1,gt) < dist(gs+1,Gt). Therefore we can

write

t+1

t t
P = G — &e41q,1 +p° where |a | < 1
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By the hypothesis, we can write p' = Y, ;qj, and g}, = ¥j<; 7jqj, where |B;| <271,

and |')/]" < 2t=1 SGince las11] < 1, we can write

P = g + (B — w177)aj = Y
j<t j<t+1
where |a;j| < 2'. This completes the proof of the claim and the lemma. O

]

Proof of lemma 7.14. First, note that for any ¢, we have dist(q;,1, G:) > dist(p, Gx_1). This
is because the greedy algorithm has chosen g, over p in its k-th round which means that
dist(p, Gx_1) < dist(gk, Gx_1), and by definition of the greedy algorithm for any i < j we
have dist(q; 1, G;) > dist(g;41,7;)- So it is enough to prove

31 <t <k—1s.t dist(qi41,Gr) < 3kx (7.2)
For1 < i <k, let qg be the projection of g; onto H. Recall that, we are assuming that
for any i, dist(g;,q:) < x/k. To prove (7.2), we use proof by contradiction, so suppose
that for all t, dist(g;.1,G:) > 3*x. We also define G/ to be the projection of G; on #, i.e.,

G{ = (4}, --.,44). Given these assumptions, we prove the following claim.

Claim 7.16. For any 1 < t < k — 1, we can write I1(G})(q},1) = Li<; 2;q; where |a;] < 3,

where for a point q and a subspace A, T1(.A)(q) denotes projection of q onto A.

Intuitively, this is similar to claim 7.15. However, instead of looking at the execution
of the algorithm on the points g, - - ,qx, we look at the execution of the algorithm
on the projected points gq7,---,q;. Since all of these k points are relatively close to
the hyperplane H, the distances are not distorted by much and therefore, we can get

approximately the same bounds. The formal proof is presented at the end of the section.

To finish the proof of the lemma, let us show how it follows from the claim. First, note
that g7, ..., g are k points in the (k — 1)-dimensional space #, so for some t, g; , ; should
lie inside G; and we have I1(G;)(q;,,) = q;,,. Fix such t. Define the point g, = Y_;<; «;q;

where |a;| < 3 are taken from the above claim which means g} 11 = Li<t &;q;. Note that
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by definition q;,; = IT(#)(qa). Therefore,

dist(g} 1, ga) = dist(ga, H) (7.3)
<Y a;dist(q;, H) < 3"t - x/k. (7.4)
i<t

Then we get that
dist(qr+1,G) < dist(qe41,94) as ga € G

< dist(gs41, G141) + dist(gi1, a)

< x/k+3% - x/k < 3k
where the second inequality holds because of triangle inequality and the last one from

(7.3) and the fact that t < k — 1. This contradicts our assumption that dist(g;+1, G¢) > 3kx,

and proves the lemma. O

Proof of claim 7.16.

We prove the claim by induction on f, and show that for any j s.t. j > t, the point
I1(G;) (q;) can be written as the sum Y ;; a;q’ such that |a;| < 3.

Base Case. First, we prove the base case of induction, i.e.,, t = 1. Recall that by our
assumption, ||q1/| > 3*x, and thus by triangle inequality, we have that |g}|| > ||q1]| —
x/k > 3%x — x/k > 2x. Therefore, since g1 is the vector with largest norm in P, using
triangle inequality again, we have that for any j > 1,

lgill < lla;ll < llgall < llgall +x/k < (1+%<)Hq’1||

Therefore we can write I1(G; ) (q;) = a1q; where |a;| < 2.

Inductive step. Now, lets assume that the hypothesis holds for G;. In particular this
means that we can write I1(G{)(q;,,) = Li<; Biq; where |;| < 3!, and that for a given

j > t+1, we can write IT1(G{)(q;) = Yi<;7iq; where |y;|’s are at most 3!. Now let
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¢ = dist(q;, 1, G). By triangle inequality, we get that
dist(q¢11, Gr) < dist(qe11, 141 (7.5)
- dist (g1, THGE) (q41) + (7.6)
dist(I1(G¢)(q:11), G¢)
< x/k+€+dist()_ Bigi, Y _ Bigi)

i<t i<t

<x/k+€+Y |Bilx/k

i<t
< 0+ 3. (7.7)

Now we consider two case. If ¢ < 3fx then using the above

dist(g441,Gr) < 2-3'x < 3%,
which contradicts our assumption of dist(g;1, G¢) > 3kx. Otherwise,

dist(I1(G 1) (q;), G) < dist(qj, G;) < dist(q;, Gr)
< dist(qs4+1,Gt) < 2/,

where the last inequality follows from Equation 7.5 . Therefore, we can write IT(G;, ;) (q;) =

011 — 0 I1(G)) (q74) + H(Qt)(q}) where a1 < 2.

By the hypothesis, we can write I1(G{)(q;) = Li<; viq;, where |7;| < 3!, Since |ap41] < 2,

we can write

[1(Gt1)(4) = ae1din + ) (vi — ae1Bi)a;

i<t
= Y g} where |a;] <31

i<t+1
This completes the proof of the claim.

7.6 Experiments

In this section, we evaluate the effectiveness of our proposed Local Search algorithm

empirically on real data sets. We implement the following three algorithms.
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e The Greedy algorithm of Section section 7.5 (GD).

e The Local Search algorithm of Section section 7.4 with accuracy parameter € = 10>

(LS).

e The LP-based algorithm of the previous chapter which has almost tight approx-
imation guarantee theoretically (LP). Note that this algorithm might pick up to
O(klogk) points in the core-set.

Data sets. We use two data sets that were also used in [83] in the context of approximat-

ing DPPs over large data sets.

e MNIST [78]: contains a set of 60000 images of hand-written digits, where each
image is of size 28 by 28.

e GENES [15]: contains a set of 10000 genes, where each entry is a feature vector of
a gene. The features correspond to shortest path distances of 330 different hubs in
the BioGRID gene interaction network. This data set was initially used to identify
a diverse set of genes to predict a tumor. Here, we slightly modify it and remove
genes that have an unknown value at any coordinate which gives us a data set of

size ~ 8000.

Moreover, we apply an RBF kernel on both of these data sets using ¢ = 6 for MNIST and

o = 10 for GENES. These are the same values used in the work of [83].

7.6.1 Experiment setup.

We partition the data sets uniformly at random into multiple data sets P, - - - , P,. We use
m = 10 for the smaller GENES data set, and for the larger MNIST data set we use m = 50
and also we use m = 10 (equal to the number of digits in the data set). Moreover, since
the partitions are random, we repeat every experiment 10 times and take the average in

our reported results.
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We then use a core-set construction algorithm ALG, to compute core-sets of size k, i.e., S; =
ALG.(Py, k), -+ ,Su = ALG(Py, k), for ALG. € {GD, LS, LP}. Recall that GD, LS and
LP correspond to the Greedy, Local Search and LP-based algorithm of [60] respectively.

Finally, we take the union of these core-sets Uarg, = S1U---US, and compute the
solutions for Uarg,. Since computing the optimal solution can take exponential time
(~ n¥), we will instead use an aggregation algorithm ALG, (either GD, LS or LP). We
will use the notation ALG,/ALG, to refer to the constructed set of k points, returned
by ALG,(UaLg,, k). For example, GD/LS refers to the set of k points returned by the
Greedy algorithm on the union of the core-sets, where each core-set is produced using

the Local Search algorithm.

Finally, we vary the value of k from 3 to 20.

7.6.2  Results
Local Search vs. Greedy as offline algorithms.

Our first set of experiments simply compares the quality of Greedy and Local Search
as centralized algorithms on whole data sets. We perform this experiment to measure
the improvement of Local Search over Greedy in the offline setting. On average over
all values of k, Local Search improves over Greedy by 13% for GENES data set and
5% for MNIST data set. Figure 7.1 shows the improvement ratio of the determinant of
the solution returned by the Local Search algorithm over the determinant of the solution
returned by the Greedy algorithm. On average over all values of k, Local Search improves
over Greedy by 13% for GENES data set and 5% for MNIST data set. Figure 7.2 shows
the ratio of the time it takes to run the Local Search and Greedy algorithms as a function
of k for both data sets. On average, it takes about 6.5 times more to run the Local Search

algorithm.

Intuitively, this improvement upper bounds the improvement one can expect in the core-



Figure 7.1: Average improvement of Local Search over Greedy as a function of k.
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Figure 7.2: Average ratio of the run time of Local Search over Greedy as a function of k.

set setting.
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Local Search vs. Greedy as core-sets.

In our second experiment, we use Greedy algorithm for aggregation, i.e., ALG, = GD,
and compare GD/LS with GD/GD. Figure 7.3 shows the improvement of local search
over greedy as a core-set construction algorithm. The graph is drawn as a function of k,
and for each k, the improvement ratio is an average over all 10 runs, and shown for all
data sets (including GENES, MNIST with partition number m = 10, and MNIST with
m = 50).

On average this improvement is 9.6%, 2.5% and 1.9% for GENES, MNIST10 and MNIST50
respectively. Moreover, in 87% of all 180 runs of this experiment, Local Search performed
better than Greedy, and for some instances, this improvement was up to 58%. Finally,
this improvement comes at a cost of increased running time. Figure 7.4 shows average

ratio of the time to construct core-sets using Local Search vs. Greedy.

1.25
w 12
c
0
S
3 115
(=]
wv
(T
° 11
2
=3
(]
€ 105
1 0=
3 5 7 9 11 13 15 17 19 21
Value of k
—®— GENES MNIST-10 MNIST-50

Figure 7.3: Average improvement of Local Search core-set over Greedy core-set as a

function of k.
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Figure 7.4: Average ratio of the run time of Local Search over Greedy as a function of k.

Local Search vs. Greedy - identical algorithms.

We also consider the setting where the core-set construction algorithm is the same as
the aggregation algorithm. This mimics the approach of [96], who proposed to use the
greedy algorithm on each machine to achieve a small solution; then each machine sends
this solution to a single machine that further runs the greedy algorithm on the union of

these solutions and reports the result.

In this paper show that if instead of Greedy, we use Local Search in both steps, the
solution will improve significantly. Using our notation, here we are comparing LS/LS
vs. GD/GD. Figure 7.5 shows the improvement as a function of k, taken average over all

10 runs.

On average the improvement is 23%, 5.5% and 6.0% for GENES, MNIST10 and MNIST50
respectively. Moreover, in only 1 out of 180 runs the Greedy perfomed better than Local

Search. The improvement could go as high as 67.7%.
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Figure 7.5: Average improvement of Local Search over Greedy as a function of k, in the

identical algorithms setting.

Comparing Local Search vs. the LP-based algorithm.

Here we compare the performance of the Local Search algorithm and LP as algorithms
for constructing core-sets, i.e. we compare GD/LS with GD/LP. Our experiments show
that the proposed local search algorithm performs better: while picking fewer points in

the core-set, in most cases local search finds a better solution and runs faster.

Figure 7.6 shows how much Local Search improves over the LP-based algorithm. On
average this improvement is 7.3%, 1.8% and 1.4% for GENES, MNIST10 and MNIST50
respectively. Moreover, in 78% of all runs, Local Search performed better than Lp-based
algorithm, and this improvement can go upto 63%. Figure 7.7 shows the average ratio
of the time to construct core-sets using the LP-based algorithm vs. Local Search. As it is
clear from the graphs, our proposed Local Search algorithm performs better than even
the LP-based algorithm which has almost tight approximation guarantees: while picking

fewer points in the core-set, in most cases it finds a better solution and runs faster.



157

1.25
1.2

1.15

Ratio of Solutions

3 5 7 9 11 13 15 17 19 21
Value of k

—8—GENES —@—MNIST-10 —®— MNIST-50

Figure 7.6: Average improvement of Local Search over LP-based algorithm for

constructing core-sets as a function of k.
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