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Abstract
Analysis of Dictionary Learning and Random Forest under Data-inspired Models
by
Yu Wang
Doctor of Philosophy in Statistics
University of California, Berkeley

Professor Bin Yu, Chair

Many algorithms in Machine Learning have demonstrated powerful empirical performance in
terms of prediction accuracy and ability to extract knowledge from data. Inspired by the
empirical success, researchers study the behavior of those algorithms under theoretical models.
Two challenges must be addressed when one tries to understand those algorithms from a
theoretical perspective. First, a sound theoretical model should be considered. A good model
should reflect key properties of the real data. If the models do not capture important aspects
of the real data, the observations and/or conclusions made on those theoretical models may
not be relevant to practice. Thus, theoretical models that reflect certain properties of real data
are required so that the insights obtained from those models are convincing to practitioners.
Second, many of these algorithms are hard to analyze via traditional techniques. Therefore,
novel techniques are required to analyze those algorithms under new theoretical models. In
this thesis, we analyze two problems under novel real-data inspired theoretical models: ¢;-
minimization for dictionary learning and seeking important features and feature interactions
from Random Forest (RF). Both analyses give unique insights into the problem by studying a
novel data generative model. For dictionary learning, we propose two novel theoretical models:
exact sparse model and Bernoulli-type models. Unlike most previous analyses that assume
the data is generated from Gaussian distributions with sparsity constraints, these new models
can capture non-Gaussian data distributions and allow us to analyze the algorithms under
novel data properties such as non-negativity and heavy-tail. We show that ¢;-minimization
model in Dictionary Learning does not satisfy the classic global identifiability condition under
the new model. However, the reference dictionary still enjoys some global property across all
the feasible dictionaries. Our theoretical analysis leads to a novel algorithm called Dictionary
Learning Block Coordinate Descent (DL-BCD). For RF, we start off with analyzing the
feature importance bias for noisy features when using Mean Decrease Impurity (MDI). Then,
we study the feature interaction recovery problem and analyzed the data-inspired Local-Spiky
Sparse (LSS) model without Lipschitz assumptions that are often present in the previous
literature. We show that the depth-weighted-prevalence of a true feature interaction in the



decision paths of trees does not depend on the model coefficients but only on the size of the
interaction. The theoretical analysis leads to a novel feature ranking method called LSSrank.
We examine the performance of LSSrank on simulated data and it has high probability to
rank true interactions at the top under the LSS model.
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Chapter 1

Introduction

Machine Learning algorithms have been successfully applied to many real-world problems
such as image processing and genomics [61, 12, 82, 10]. Though the machine learning models
have higher predictive power than the traditional methods, they are usually viewed as black
boxes and it is difficult to understand how and why they achieve high predicative power.
To go beyond their plain empirical success and pursue a deeper understanding of when a
machine learning model will work or break, it is important for researchers to investigate
an algorithm’s behavior under some theoretical model. However, a theoretical model is a
double-edged sword. A carefully chosen theoretical model can capture the key properties of
a real data set and sheds insight on the behavior of an algorithm. Metaphorically, a good
model serves as a microscope that zoom into the key aspects of the algorithm and extracts
hidden information. On the other hand, a bad model does not capture properties of real data.
As a result, lessons learned from studying those models do not readily provide insights into
the algorithm performance on a real data set.

Studying an algorithm under a new theoretical model is often not easy. First of all,
many machine learning algorithms are quite complex and considered a black box. From
optimization point of view, they are usually non-convex, which means their behavior can
be affected by many seemingly mundane things such as the initialization. Also, techniques
developed for classic theoretical models are often not able to be carried over to analyze a new
theoretical model. There is also less literature one can rely on. As a result, novel techniques
are required to analyze those algorithms under new theoretical models. Due to limitations
of the available resources for analyzing new theoretical models, there is usually a trade-off
between utility, i.e., how well a model approximates reality, and feasibility, i.e., whether it is
feasible to analyze the algorithm under such a model.

In this thesis, we analyze two problems: /¢;-minimization for dictionary learning and
seeking important features and feature interactions via RF. Both cases show the importance
of studying an ML algorithm under a data inspired model, allowing one to draw many useful
insights.
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1.1 Local and Global identifiability of dictionary
learning

In the first part of thesis (Chapter 2—6) we study the problem of globally recovering a
dictionary from a set of signals via ¢/;-minimization. We assume that the signals are generated
as ¢.i.d. random linear combinations of the K atoms from a complete reference dictionary
D* € RP*P where the linear combination coefficients are from either a Bernoulli type model
or exact sparse model. First, we obtain a necessary and sufficient norm condition for the
reference dictionary D* to be a sharp local minimum of the expected ¢; objective function.
Our result substantially extends that of [100] and allows the combination coefficient to be
non-negative. Second, we obtain an explicit bound on the region within which the objective
value of the reference dictionary is minimal. Third, we show that the reference dictionary
is the unique sharp local minimum, thus establishing the first known global property of
{1-minimization dictionary learning. Motivated by the theoretical results, we introduce a
perturbation based test to determine whether a dictionary is a sharp local minimum of the
objective function. In addition, we also propose a new dictionary learning algorithm based
on Block Coordinate Descent, called DL-BCD, which is guaranteed to decrease the obective
function monotonically. Simulation studies show that DL-BCD has competitive performance
in terms of recovery rate compared to other state-of-the-art dictionary learning algorithms
when the reference dictionary is generated from random Gaussian matrices.

The chapters are organized as follows. We give a high-level review of the related works and
summarize our theoretical contributions in Chapter 2. In Chapter 3, we introduce necessary
notations and propose two novel theoretical models: exact sparse model and Bernoulli-type
models. These new models can capture non-Gaussian data distributions and allow us to
analyze the algorithms under novel data properties such as non-negativity and heavy-tail.
In Chapter 4, we present main theorems and discuss their implications. In Chapter 5, we
propose the sharpness test and the block coordinate descent algorithm for dictionary learning
(DL-BCD) and evaluate their numerical performance. We conclude our results and discuss
possible extensions in Chapter 6.

1.2 Feature importance and feature interaction
discovery via RF

Random Forest (RF) is at the cutting edge of supervised machine learning methods especially
for genomics problems, and for biological interaction discovery as by stabilized RF or iterative
random forest (iRF)[10]. We introduce the problem setup of feature importance and feature
interaction of RF in Chapter 7. We study how to compute RF feature importance in Chapter
8 and how to use RF to discover high-order feature interactions in Chapter 9 — Chapter 11.
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RF feature importance

To understand how tree ensembles make predictions, people routinely turn to feature impor-
tance measures calculated from tree ensembles. It has long been known that Mean Decrease
Impurity (MDI), one of the most widely used measures of feature importance, incorrectly
assigns high importance to noisy features, leading to systematic bias in feature selection.
We address the bias of MDI from both theoretical and methodological perspectives. Based
on the original definition of MDI by Breiman et al.[13]| for a single tree, we derive a tight
non-asymptotic bound on the expected bias of MDI importance of noisy features, showing
that deep trees have higher (expected) feature selection bias than shallow ones. However, it is
not clear how to reduce the bias of MDI using its existing analytical expression. We derive a
new analytical expression for MDI, and based on this new expression, we are able to propose
a debiased MDI feature importance measure using out-of-bag samples, called MDI-oob. For
both the simulated data and a genomic ChIP dataset, MDI-oob achieves state-of-the-art
performance in feature selection from RF for both deep and shallow trees.

Feature interaction discovery

There is no theoretical results on how to use tree-based methods to find high-order feature
interactions in the existing literature. We propose a new model, the Locally Spiky Sparse
(LSS) regression model, which is biologically inspired without Lipschitz assumptions. The
regression function in LSS is a linear combination of a set of piece-wise constant, discontinuous
Boolean local interaction functions. We show that (with high probability) the depth-weighted
prevalence (DWP) of interactions among decision paths of RF is universal (i.e., independent
of any model coefficients) and only depends on the size of the interactions. Our theoretical
analysis reveals for the first time that the feature subsampling strategy used in RF, i.e.,
splitting each node of a tree with a subset of mtry candidate features, is key to obtain exact
interaction recovery. Inspired by this theoretical result, we propose a novel method, namely
LSSrank, to rank high-order interactions based on DWP. We conduct a series of simulations
on synthetic data and biologically-inspired data, and find that LSSrank gives correct ranking
results with high probability under the LSS model.



Part 1

Local and global identifiability in
dictionary learning



Chapter 2

Dictionary learning and /{-minimization

Dictionary learning is a class of unsupervised learning algorithms that learn a data-driven
representation from signals such as images, speech, and video. It has been widely used in

many applications ranging from image imputation to texture synthesis |77, 59, 71]. Compared
to pre-defined dictionaries, data-driven dictionaries can extract meaningful and interpretable
patterns from scientific data [65, 66] and exhibit enhanced performance in blind source
separation, image denoising and matrix completion. See, e.g., [104, 43, 48, 25, 3, 61, 73] and
the references therein. Dictionary learning is also closely related to Non-negative Matrix
Factorization (NMF) [16] which has broad applications in biology [, 101]|. Despite many

successful applications, dictionary learning formulations and algorithms are generally hard to
analyze due to their non-convex nature. With different initial inputs, a dictionary learning
algorithm typically outputs different dictionaries as a result of this non-convexity. For those
who use the dictionary as a basis for downstream analyses, the choice of the dictionary
may significantly impact the final conclusions. Therefore, it is natural to ask the following
questions: Can dictionary learning algorithms recover the "ground-truth" dictionary if there
is one? Among the many outputs from a dictionary learning algorithm, which one should be
selected for further analysis? In this chapter, we give a high level overview of the existing
literature and introduce our methodology and contributions.

Literature review

To answer the above questions, we need to understand the theoretical properties of dictionary
learning under generative models. In a number of recent works, the signals are generated as

linear combinations of the columns of a reference dictionary |32, 30, 31]. Specifically, denoting
by D* € R™X the reference dictionary and & € R? i = 1,...,n the signal vectors, we
have:

z¥ ~ D*a'Y, (2.1)

where a® € RX denotes the sparse coefficient vector. If K = d and D* is full rank, the
dictionary is called complete. If the matrix has more columns than rows, i.e., K > d, the
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dictionary is overcomplete. Under the model (2.1), for any reasonable dictionary learning
objective function, the reference dictionary D* ought to be equal or close to a local minimum.
This wellposedness requirement, also known as local identifiability of dictionary learning,
turns out to be nontrivial. For a complete dictionary and noiseless signals, [32] studies the
following ¢;-minimization formulation:

minimizep, (503 > 18Y 1 (2.2)
i=1
subject to | Djlls < 1,57 =1,..., K,
2 =DBY i=1,...  n (2.3)
where D is a complete dictionary and D, is its j-th column. [32] proved a sufficient condition

for local identifiability under the Bernoulli-Gaussian model. A more refined analysis by [100]
gave a sufficient and almost necessary condition. The sufficient local identifiability condition
in [32] was extended to the over-complete case [30] and the noisy case [31].

As most of dictionary learning formulations are nonconvex, local identifiability alone does
not guarantee that the output dictionary is the reference dictionary — the initial dictionary
must also be quite close to the reference dictionary. There are only limited results on how
to choose an appropriate initialization. For example, |7] showed that their initialization
algorithm guarantees that the output dictionary is within a small neighborhood of the
reference dictionary when certain p-incoherence condition is met. In practice, initialization is
usually done by using a random matrix or randomly selecting a sample of signals [60]. These
algorithms are typically run for multiple times and the dictionary that achieves the smallest
objective value is selected.

The difficulty of initialization is a major challenge of establishing the recovery guarantee
that under some generative models, the output dictionary of an algorithm is indeed the
reference dictionary. This motivates the study of global identifiability. There are two versions
of global identifiability. For the first version, we say that the reference dictionary D* is
globally identifiable with respect to an objective function L(-) if D* is a global minimum
of L. The second and stricter version, requires all local minima of L are the same as D*
up to column sign changes and permutation. If the second version of global identifiability
holds, all local minima are global minima. Thus any algorithm capable of converging to a
local minimum will also recover the reference dictionary. For some matrix decomposition
tasks such as low rank PCA [85] and matrix completion [29], despite the fact that the
objective function is non-convex, the stricter version of global identifiability holds under
certain conditions. For dictionary learning, several papers proposed new algorithms with
theoretical recovery guarantees that ensure the output is close or equal to the reference
dictionary. For the complete and noiseless case, [31] proposed a linear programming based
algorithm that provably recovers the reference dictionary when the coefficient vectors are
generated from a Bernoulli Gaussian model and contain at most O(v/K) nonzero elements.
[90, 91] improved the sparsity tolerance to O(K) using a Riemannian trust region method.
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For over-complete dictionaries, |5] proposed an algorithm which performs an overlapping
clustering followed by an averaging algorithm or a K-SVD type algorithm. Additionally,
there is another line of research that focuses on the analysis of alternating minimization
algorithms, including [1, 2, 6, 7]. [9] proposed an algorithm based on sum-of-square semi-
definite programming hierarchy and proved its desirable theoretical performance with relaxed
assumptions on coefficient sparsity under a series of moment assumptions.

Our contributions

Despite numerous studies of global recovery in dictionary learning, our result is the first
global identifiability result for the ¢;-minimization problem. As we illustrate in Chapter 4, the
reference dictionary may not be the global minimum even for a simple data generation model.
This motivates us to consider a different condition to distinguish the reference dictionary
from other local minima. We show that the reference dictionary is the unique "sharp" local
minimum (see Definition 3.2.1) of the ¢; objective function when certain conditions are met —
in other words, there are no other sharp local minima than the reference dictionary.

Based on this new characterization and the observation that a sharp local minimum is
more resilient to small perturbations, we propose a method to empirically test the sharpness
of the objective function at a given dictionary. Furthermore, we also design a new algorithm
to solve the ¢;-minimization problem using Block Coordinate Descent (DL-BCD) and the
re-weighting scheme inspired by [15]. Our simulations demonstrate that the proposed method
compares favorably with other state-of-the-art algorithms in terms of recovery rate if the
reference dictionary is generated from random Gaussian matrices.

Our work differs from other recent studies in two main aspects. First, instead of propos-
ing new dictionary learning formulations, we study the global property of the existing
(1-minimization problem that is often considered difficult in previous studies [61, 100]. While
there are many dictionary learning algorithms that do not rely on the ¢;-type penalty, formu-
lations with ¢; penalties remain as the most frequently used method in many applications
due to their good practical performance and the availability of efficient algorithms [61, 59].
The theoretical understanding of ¢;-minimization is therefore of interest to a wider audience
than other dictionary learning methods. Second, our data generation models are novel and
cover several important cases not studied by prior works, e.g., non-negative linear coefficients.
Even though there is a line of research that focuses on non-negative dictionary learning in
the literature |1, 37, 6], the reference dictionary and the corresponding coefficients therein
are both non-negative. In comparison, we allow the dictionary to have arbitrary values but
only constrain the reference coefficients to be non-negative. This non-negative coefficient case
is difficult to analyze and does not satisfy the recovery conditions in previous studies, for
instance [9, 90, 91].



Chapter 3

Exact sparse models and Bernoulli-type
models

3.1 Preliminaries

For a vector w € R™, denote its j-th element by w;. For an arbitrary matrix A € R™*",
let Alk,], Aj, Ay ; denote its k-th row, j-th column, and the (k,j)-th element respectively.
Denote by A[k, —j] € R*~! the k-th row of A without its j-th entry. Let T € RE*K denote
the identity matrix of size K and for k € {1,..., K}, I denotes I's k-th column, whose k-th
entry is one and zero elsewhere. 1 € RX*! denotes a column vector whose elements are
all ones. For a positive semi-definite square matrix X € RE*K_ X1/2 denotes its positive
semi-definite square root. We use || - || to denote vector norms and |||-||| to denote matrix
(semi-)norms. In particular, |||-|||» denotes the Frobenius norm, whereas ||-|||, denotes the
spectral norm. For any two real functions w(t), ¢(t) : R — R, we denote w(t) = O(q(t)) if
there exist constants ci,ca > 0 such that for any ¢t € R, ¢; < % < co. If g(t) > 0 and

limg (-0 % = 0, then we write w(t) = 0(q(t)). Define the indicator and the sign functions

as
1

1 r=0 x>0
1(%20):{0 I;O,Sign(x): 0 z=0.
-1 <0

The ¢, dictionary learning objective

In dictionary learning, a dictionary is represented by a matrix D € R, We call a column
of the dictionary matrix an atom of the dictionary. In this thesis, we consider complete
dictionaries, that is, the dictionary matrix is square (K = d) and invertible. Note that for
the noiseless case, an undercomplete dictionary (K < d) can always be reduced to a complete
dictionary by removing certain rows. A complete or undercomplete dictionary matrix is
typically used in applications such as Independent Component Analysis [21] and Non-negative
Matrix Factorization |16, 14, 101].
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For a complete dictionary D, define L as the ¢; objective function:

1 & , : ,
L(D) = - S IBY 1. where 8 =Dz Viel,. .. n (3.1)
=1

The ¢;-minimization formulation (2.2) is equivalent to the following optimization problem

[100]:
minimize pegrx) L(D), (3.2)

where B(RX) is the set of all feasible dictionaries:

B(RK) 2 {D e RKXK’HD1H2 = ...= | Dkl = 1, rank(D) = K} . (3.3)

3.2 Generative models

Let D* € B(RX) be the reference dictionary of interest. We assume that the signal vector
x € R¥ is generated from a linear model without noise: @ = D*a, where a € R¥ is a
random reference coefficient vector. Below, we will introduce two classes of generative models
for a:  Bernoulli-type models and exact sparse models.

o Bernoulli-type model B(py, ..., pk; f). Let z € RE be arandom vector whose probability
density function exists and is denoted by f. Let & € {0,1}¥ be a random boolean
vector. The coordinates of § are independent and &; is a Bernoulli random variable
with success probability P(¢; = 1) = p; € (0,1). Define a € R¥ such that a; = &;z;
for all j. We say that « is generated from the Bernoulli-type model B(ps, ..., pk; f)-

e Exact sparse model S(s; f). Let z € RE be a random vector whose probability density
function exists and is denoted by f. Let S be a size-s subset uniformly drawn from
all size-s subsets of 1,..., K. Let & € {0,1}¥ be a random variable such that {; = 1
if j € S otherwise 0. Define & € R¥ such that a; = ;z; for all j. We say that « is
generated from the exact sparse model S(s; f).

These two classes can be viewed as natural extensions of Bernoulli Gaussian models and
sparse Gaussian models, which have been extensively studied in dictionary learning |
, 81]. Denote by N (0, Ixxx) the k-dimensional standard Gaussian distribution:

Y Y

e Bernoully Gaussian model. If o is generated from the Bernoulli-type model with
parameters p; = p (p > 0) for all j and f is the density of N'(0,Ixx), we say that
follows a Bernoulli Gaussian model with parameter p, or BG(p).

e Sparse Gaussian model. If a is generated from the exact sparse model with sparsity
parameter s and f is the density of N'(0, I« ), we say that a follows the sparse Gaussian
model with parameter s, or SG(s).
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Remarks: The advantage of using sparse Gaussian and Bernoulli Gaussian distributions is
that they are simple and yet capable of capturing the most important characteristic of the
reference coefficients: sparsity. By using sparse Gaussian and Bernoulli Gaussian distributions,
Wu and Yu[100] obtains a sufficient and almost necessary condition for local identifiability.
Take the sparse Gaussian distribution as an example: let the maximal collinearity p of

the reference dictionary D* be p1 = max;; D;‘TD;) and s be the sparsity of the reference

coefficient vector in the sparse Gaussian model. 'Wu and Yu[l00]| show that local identifiability
holds when p < % From the formula, we can see a trade-off between the maximal
collinearity ;1 and the sparsity of the coefficient vector s. If the coefficient is very sparse, i.e.,
s < K, local identifiability holds for a wide range of u. Otherwise, local identifiability holds
for a narrower range of . While sparse/Bernoulli Gaussian models can be used to illustrate
this trade-off, they are rather restrictive for real data. Several papers [34, 6, 5, 7, 31] studied

more general models such as sub-Gaussian models.

Other important examples include models with z drawn from the Laplacian distribution
or a non-negative distribution. In particular, the non-negativity of the coefficients violates
the popular assumption Ea;; = 0 [32, 31].

e Sparse Laplacian model. If o is generated from the exact sparse model with sparsity
parameter s and density f(z) = 5k exp(—||z[l1), we say that a follows the sparse
Laplacian model with parameter s, or SL(s).

e Non-negative Sparse Gaussian model. A random vector « is said to be drawn from
a non-negative sparse Gaussian model with parameter s, denoted by [SG(s)], if for
j=1,...,K, a; = |a}| where &' ~ SG(s).

Identifiability of the reference dictionary

In this subsection, we introduce commonly used terminology in dictionary learning with
respect to the identifiability of the reference dictionary.

e Sign-permutation ambiguity. In most dictionary learning formulations, the order of the
dictionary atoms as well as their signs do not matter. Let P € RE*X be a permutation
matrix and A € RE*K a diagonal matrix with £1 diagonal entries. The matrix
D’ = DPA and D essentially represent the same dictionary but D’ # D element-wise.

e Local identifiability. The reference dictionary D* € B(RX) is locally identifiable with
respect to L if D* is a local minimum of L. Local identifiability is a minimal requirement
for recovering the reference dictionary. It has been extensively studied under a variety
of dictionary learning formulations [32, 30, 31, , 2, 81].

o Global identifiability. The reference dictionary D* € B(RX) is globally identifiable with
respect to L if D* is a global minimum of L.
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Clearly, whether local or global identifiability holds depends on the objective function and
the signal generation model. If the objective function is ¢y, i.e., %Zl |D~ 2]y, and the
linear coefficients are generated from the Bernoulli Gaussian model, the reference dictionary is
globally (and hence locally) identifiable (see Theorem 3 in [$1]). However, for the ¢; objective
considered here, global identifiability might not hold. In Chapter 4, we give an example
where the reference dictionary is only a local minimum but not a global minimum.

We consider a variant of global identifiability: instead of the global minimum, we require
the reference dictionary D* to be the unique sharp local minimum of the dictionary learning
objective function. In other words, no dictionary other than D* is a sharp local minimum.
Other dictionaries can still be local minima but cannot be sharp at the same time. This
property allows us to globally distinguish the reference dictionary from other spurious local
minima and can be used as a criterion to select the best dictionaries from a set of algorithm
outputs. Sharp local minimum, as per Definition 3.2.1, is a common concept in the field of
optimization [23, 72]. However, to the best of our knowledge, we are the first to connect
dictionary learning theory with sharp local minimum and use it to distinguish the reference
dictionary from other spurious local minima.

Definition 3.2.1 (Sharp local minimum). Let L : B(RX) — R be a dictionary learning

objective function. A dictionary D° € B(RY) is a sharp local minimum of L(-) with sharpness
€ [72] if there exists § > 0 such that for any D € {D : ||D — D°|||» < &}:

L(D) — L(D") z €||D — D°|[| + o([||D” — D|||.)-

Remarks: The definition here can be viewed as a matrix analog of the sharp minimum in
the one dimensional case. For a function f : R — R, v" is a sharp local minimum of f if
f(v) = f(0°) > €lv — v°| + o(Jv — v°|). Note that the definition of sharp local minimum is
different from the definition of strict local minimum, which means there are no other local
minima in its neighborhood. A sharp local minimum is always a strict local minimum but
not vice versa. For example, consider ¢, functions |z|? for ¢ > 0. When ¢ <1,z =01is a
strict local minimum as well as a sharp local minimum of ¢,. When ¢ > 1, x = 0 is still a
strict local minimum but not a sharp local minimum. This definition is also different from
the sharp local minimum concepts that are commonly used in the study of artificial neural
networks and stochastic gradient descent [31].

Technical assumptions

In this subsection, we introduce two important technical assumptions that will be used in
our theoretical analysis. All the models introduced in Section 3.2 satisfy these assumptions.
Their relationship is depicted in Fig. 3.1.

We need additional notations before introducing the assumptions. For any D € B(RY),
define M (D) = DT D as the collinearity matrix of D. For example, if the dictionary is an
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Both distributions satisfy Assumption I and
Assumption II.

Bernoulli

type
models

Exact
sparse
models

sparse
(Gaussian

Bernoulli
Gaussian

Figure 3.1: Both exact sparse models and Bernoulli-type models satisfy Assumption I and
I1. Sparse Gaussian distribution is a special case of exact sparse models, while Bernoulli
Gaussian distribution is a special case of Bernoulli-type models.

orthogonal matrix, M (D) = [ is the identity matrix. If all the atoms in the dictionary are
collinear with constant y > 0, then M (D) = 117 + (1 — p)I is a matrix whose off-diagonal
elements are all y’s. When the context is clear, we use M instead of M (D) for notation
ease. Denote by M* = M*(D*) the collinearity matrix for the reference dictionary D*. Also,
define the matrix B(a, M) € REXK a5

(B(a, M))i; = Eaysign(ay,) — M Elay| for k,j=1,... K.

Here the expectation is with respect to the random coefficient vector a.. By the definition of
B(a, M*), the quantity is the difference between two matrices

B(a, M*) = By(ax) — By(a, M™),

where (Bi(a))i,; = Eaysign(ay) and By(a, M*),; = M E|a;|. Roughly speaking, the first
matrix measures the "correlation" between different coordinates of the coefficients while
the second matrix measures the collinearity of the atoms in the reference dictionary. For
instance, when the coordinates of a are independent and mean zero, B;(a) = 0. When all
atoms in the dictionary are orthogonal, i.e., M* =1, By(ax, M*) = 0. In that extreme case,
B(a, M) = 0.

For any random vector a, define the semi-norm |||-||,, induced by « as:

K K
1Al 2 SB[ Avges[1(an = 0)]
k=1 j=1
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Note that the subscript a in [||-]||, is used to indicate the dependence on the distribution of
a. |||]ll, is & semi-norm but not a norm because |||A||, = 0 does not imply A = 0. Actually,

for any nonzero diagonal matrix A # 0, |||A|||, = 0 because Zszl E [|Ak7kak|1(ak =0)| =0.
Note that the reason why we define B and |||, this way is because these quantities appear

naturally in the first order optimality condition of ¢;-minimization. Hopefully, the motivation
of defining these definitions will become clear later.

Assumption I (Regular data-dependent norm) |||-|||., is co-regular: There exists a
number ¢, > 0, dependent on the distribution of c, such that for any matrix A € H%, where
HE ={AeRE*K | A;; =0forall 1 <i< K}, |||A]|, is bounded below by A’s Frobenious
norm: [|Afllq = call|Alllp-

Note that similar to [|-|||,,, we use the subscript o in ¢4 to indicate that the quantity cq
depends on the distribution of ar. Assumption I has several implications. First, it ensures
that the coefficient vector a does not lie in a linear subspace of RX. Otherwise, we can make
rows of A orthogonal to o and show that ||-||| , is not regular. Second, it also guarantees
that the coefficient vector a must have some level of sparsity. To see why this is the case,
suppose there exists some coordinate &’ such that the coefficient ay # 0 almost surely. We
can then construct A such that all of its elements are zero except the k’-th row. Thus,

A, = E[| Zjil Ap jo|1(ogy = 0)| = 0, but |||All| > 0. Third, if we define the dual

(semi-)norm of [||-|||, in the subspace H* as

. tr(XTA)
1 X1le = sup

2 for X € REXE
agoaers (1Al 7

the regularity of [||-|||, implies that the corresponding dual semi-norm is bounded above
by the Frobenius norm. To see this, simply note that ||| X]||7, < i|||X|||F with the above
definition. Assumption I is crucial for the study of the local identifiability property. As can
be seen later in Theorems 4.1.1 and 4.1.2, regularity of [||-|||, is indispensable in determining
the sharpness of the local minimum corresponding to the reference dictionary D* as well as
the bounding region.

Assumption IT (Probabilistic linear independence) For any fixed constants ¢y, ...,
cx € R, the following statement holds almost surely

K
ZC[O[;:O:CZQZZO\V/ZZL...,K,
=1

or equivalently, for any fixed cq, ..., ¢k,

K K
P (Z aoy =0,y o> 0) =0.
=1

=1
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Assumption II controls the sparsity of any coefficient vector 8 under a general dictionary
D. For the noiseless signal * = D*«, its j-th coefficient under a dictionary D can be
written as a linear combination of reference coefficients ay: 3; = D™'[j,|D*a = Y0 |
where ¢, = D7'[j,|Dj for | = 1,...,K. Thus, Assumption IT implies that under any
general dictionary, the resulting coefficient 3; is zero if and only if for each [, either the
reference coefficient is zero (a; = 0) or the corresponding constant is zero (¢; = 0). In other
words, elements in the reference coefficient vector cannot "cancel" with each other unless
all the elements are zeros. This assumption seems very similar to the linear independence
property of random variables [76]: Random variables 91, ..., ¥k are linearly independent
if 191 + ...+ cx¥g = 0 a.s. implies ¢ = ¢ = -+ = ¢xg = 0. It is worth pointing out
that Assumption II is a weaker assumption than linear independence. Many distributions of
interest, such as Bernoulli Gaussian distributions, are not linearly independent but satisfy
Assumption II (Proposition 3.2.2). This assumption is essential when we study the uniqueness
of the sharp local minimum in Theorem 4.2.1.

In the following propositions, we show that both Bernoulli-type models and exact sparse
models satisfy Assumption I and II.

Proposition 3.2.1. The norm |||-|||,, induced by exact sparse models or Bernoulli-type models

satisfy Assumption I. The reqularity constant has explicit form when the coefficient is from
SG(s) or BG(p):

e If o is from SG(s), the norm |||-|||,, is cs-regular, where ¢; > ;((1}((—_51)) \/g

o If o is from BG(p), the norm |||-|||, is c,-regular, where ¢, > p(1 —p)\/g.

Proposition 3.2.2. If the coefficient vector is generated from a Bernoulli-type model or an
exact sparse model, Assumption II holds.

Remarks: Although the above assumptions are quite general, certain distributions consid-
ered in other papers do not satisfy our assumptions. A key requirement in Bernoulli-type or
exact sparse models is that the probability density function of the base random variable z must
exist. For instance, the Bernoulli Randemacher model [$1] does not satisfy Assumption II. To
see this, take the following Bernoulli Randemacher model for K = 2 as an example: suppose
&€ € {0,1}* where P(& = 1) = py, P(& = 1) = py. The base random vector z € {—1,1}?* with
P(zy =1) =Pz =1) =1/2. If we take ¢; = 1 and ¢ = —1, P(cia; + caaxg = 0, 1001 #
0,c0000 #0) = Play —aa = 0,8 # 0,6 #0) = P& = 1,6 = 1,21 = 25) = p1 - p2/2 > 0.
Therefore, Assumption II does not apply in this case.
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Chapter 4

Local and global identifiability

Similar to [100], we first study the following optimization problem:

minimize EL(D) = E||D x|, (4.1)
subject to D € B(RY)

Here, the notation E is the expectation with respect to * = D*a under a probabilistic
model for a. Therefore, this optimization problem is equivalent to the case when we have
infinite number of samples. As we shall see, the analysis of this population level problem
gives us significant insights into the identifiability properties of dictionary learning. We also
consider the finite sample case (3.2) in Theorem 4.2.2.

4.1 A necessary and sufficient condition for local
identifiability

In this subsection, we will establish a necessary and sufficient condition for the reference
dictionary to be a sharp local minimum.

Theorem 4.1.1 (Local identifiability). Suppose |||-||, s ca-regular (see Assumption 1) and
the €1 norm of the reference coefficient vector o has bounded first order moment: E|la||; < oc.
D* is a sharp local minimum of Formulation (4.1) with sharpness at least m(l -
2
I B(ex, M*)|l,) if and only if
1B(a, M)l < 1. (4.2)

If | B(ae, M*)||I7, > 1, D* is not a local minimum.

Remarks: [100] studied the local identifiability problem when the coefficient vector a is
from Bernoulli Gaussian or sparse Gaussian distributions. They gave a sufficient and almost
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necessary condition that ensures the reference dictionary to be a local minimum. Theorem
4.1.1 substantially extends their result in two aspects:

e The reference coefficient distribution can be exact sparse models and Bernoulli type
models, which is more general than sparse/Bernoulli Gaussian models.

e In addition to showing that the reference dictionary D* is a local minimum, we show
that D* is actually a sharp local minimum with an explicit bound on the sharpness.

To prove Theorem 4.1.1, we need to calculate how the objective function changes along
any direction in the neighborhood of the reference dictionary. The major challenge of this
calculation is that the objective function is neither convex nor smooth, which prevents us
from using sub-gradient or gradient to characterize its local structure. Instead, we obtain a
novel sandwich-type inequality of the ¢; objective function (Lemma A.4.4). With the help of
this inequality, we are able to carry out a more fine-grained analysis of the ¢;-minimization
objective. The detailed proof of Theorem 4.1.1 can be found in the Appendix.

Theorem 4.1.1 gives the condition under which the reference dictionary is a sharp local
minimum. The below Theorem 4.1.2 gives an explicit bound of the size of the region. To the
best of authors’ knowledge, this is the first result about the region where local identifiability
holds for /{-minimization.

Theorem 4.1.2. Under notations in Theorem j.1.1, if || B(ae, M*)||, < 1, for any D in the
set

1= || B(ot, M), - Ca
5= 1D e BEN||ID], < 20|, 1D - D7l < LB Mo e |
8v/2|| D*|||5 max; E|a;|

we have EL(D) > EL(D*).

Remarks: First of all, note that the set S we study here is different from what [2] called
the "basin of attraction". The basin of attraction of an iterative algorithm is the set of
initialization dictionaries under which the algorithm converges to the reference dictionary
D*. For an iterative algorithm that decreases its objective function at each step, its basin of
attraction must be a subset of the region within which D* has the minimal objective value.
Second, Theorem 4.1.2 only tells us that D* admits the smallest objective function value
within the set S. It does not, however, indicate that D* is the only local minimum within S.

For certain generative models, the conditions in Theorem 4.1.1 and 4.1.2 can be made
more explicit to compare with other local identifiability results. In what follows, we will
study two examples to gain a better understanding of those conditions. These examples
demonstrate the trade-off between coefficient sparsity, collinearity of atoms in the reference
dictionary and signal dimension K. For simplicity, we set the reference dictionary to be the
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constant collinearity dictionary with coherence y > 0: D*(u) = ((1 — )1 + p117)/2 where
117 € REXK is a square matrix whose elements are all ones. This simple dictionary class
was used to illustrate the local identifiability conditions in [32] and [L00]. The coherence
parameter g controls the collinearity between dictionary atoms. By studying this class of
reference dictionaries, we can significantly simplify the conditions and demonstrate how the
coherence i affects dictionary identifiability.

Corollary 4.1.1. Suppose the reference dictionary D* is a constant collinearity dictio-
nary with coherence p > 0: D*(pn) = ((1 — p)I 4+ p117)Y2, and the reference coeffi-
cient vector a is from SG(s).  D* is a sharp local minimum with sharpness at least

K—s . .
ﬁ(1+u(sK—1))K (Kfl - N\/g) if and only if

/s <

If the above inequality holds true, for any

K—s
K—-1

K=t — /s
8V2(1 + pu(K — 1)) [’

Des= {D € BRY)||ID]l, < 2¢/T+ u(K — 1), |ID = D' < ==

we have EL(D) > EL(D*).

Three parameters play important roles for the reference dictionary to be a sharp local
minimum: dictionary coherence p, sparsity s and dimension K. Since p+/s — Ifg:‘; is a
monotonically increasing function with respect to u and s, local identifiability holds when
the dictionary is close to an orthogonal matrix and the coefficient vector is sufficiently sparse.
Another important observation is that /s — gj is monotonically decreasing as K increases.
Thus, given that the number of nonzero elements per signal s is fixed, it is easier for the local
identifiability condition to hold for larger K. If K tends to infinity, the condition becomes

s < \/Lﬁ Also, the set S shrinks as s or p increases, implying that the region is smaller when

the coefficients are less sparse or the dictionary has higher coherence. When p = 0, the set S

becomes { D € BES)[||D], < 2, 1D - D'l < 5= )

Next, we consider non-negative sparse Gaussian distribution in the following example.
Since we do not have the explicit form of the regularity constant ¢, for non-negative sparse
Gaussian distribution, we omit the corresponding results for the sharpness and the region
bound.

Corollary 4.1.2. Suppose the reference dictionary is a constant collinearity dictionary with
coherence ju > 0: D*(p) = (1 — p)I4 p117)Y2 and the reference coefficient vector a is from
non-negative sparse Gaussian distribution |SG(s)|. If

s—1 <K—s
K-1 K-1

-

then D* is a sharp local minimum.
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Note that the condition £=1 - | — =L | < 1 is equivalent to 25 < 1 < 1. When K
tends to infinity, the reference dictionary is a local minimum for ;4 < 1. Compared to the
same bound from Corollary 4.1.1, u < \/ig for large K, the bound for non-negative coefficients
is less restrictive. Therefore, the non-negativity of the coefficient distribution relaxes the

requirement for local identifiability.

Corollary 4.1.3. Let the reference dictionary be a constant collinearity dictionary with
coherence . Assume that the reference coefficients are generated from the Bernoulli Gaussian
py/p(K—1)

< 1, the reference dictionary is a sharp local minimum of EL(D)

with sharpness at least m (1 —p— pur/p(K — 1)) In addition, for any

D {D e BR")||ID|l, < 2y/1+ (K — 1),

“2 1
1D = D7l < s (1 p = nHF 1)) .

we have E||D x|, > E|la||;.

Corollary 4.1.4. Let the reference dictionary be a constant collinearity dictionary with
coherence . Assume that the coefficients are generated from the sparse Laplacian model

SL(s). If K1)
ps(K —

= <
(K =s) [y lv— 2l(zy) =" exp(—(z + y))T'(s)~*dxdy
then the reference dictionary is a sharp local minimum of D w— EL(D).

1

Y

Although the condition in Corollary 4.1.4 is quite convoluted, we can compare it with the
sparse Gaussian case empirically. For sparse Gaussian distributions, there are two parameters:
sparsity s and dimension K. Define the phase transition curve to be the asymptotic boundary
that separates the region where local identifiability holds (the area below the curve) and
the region where local identifiability fails (the area above the curve). When K = 10 and
K = 20, the phase transition curve (|||B(e, M*)|||, = 1) for sparse Laplace distribution
and sparse Gaussian distribution can be found in Fig. 4.1. As can be seen in the figure,
the phase transition curve for sparse Laplace distribution is slightly higher than that for
sparse Gaussian distribution, suggesting that the Laplace distribution has less stringent local
identifiability condition. That is consistent with our intuition: while the density function of a
standard Gaussian distribution is rotation symmetric, which implies that it does not prefer
any direction, the density function of the Laplace distribution is not. For example, consider a
simple two-dimensional case: let D* be the identity matrix in R?*2. If the reference coefficient
is from the standard Gaussian distribution with no sparsity, i.e. s = K, all the orthogonal

dictionaries will have the same objective value \/g . So local identifiability does not hold for
Gaussian distribution under the setting s = K. However, for the Laplace distribution, even
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Figure 4.1: Theoretical phase transition curve for constant collinearity dictionary with
coherence p and sparsity s for K = 10 (left) and K = 20 (right).

cosf sinf

if s = K, for an orthogonal dictionary < sinf —cosf

) with 6 € [0,7/2], its ¢; objective

function value is 2(sin 6 + cos 6 + m
means the local identifiability still holds.

), which attains its minimum when 6 = 0 or 7. This

4.2 A counterexample of global identifiability and a
remedy

For /;-minimization, multiple local minima exist: as a result of sign-permutation ambiguity,
if D is a local minimum, for any permutation matrix P and any diagonal matrix A with
diagonal elements +1, DPA is also a local minimum. These local minima are benign in
nature since they essentially refer to the same dictionary. Can there be local minima other
than the benign ones? If so, how can we distinguish benign local minima from them? In this
subsection, we consider the problem of global identifiability. First, we give a counterexample
to show that the reference dictionary is not necessary a global minimum of the ¢;-minimization
problem even for orthogonal dictionary and sparse coefficients.

Counterexample on global identifiability. Suppose the reference dictionary is the
identity matrix I € R**2. The coefficients are generated from a Bernoulli-type model a € R?
such that a; = 2z;&; for i = 1,2, where & and & are Bernoulli variables with success probability
0.67, and (z1, 29) is drawn from the below Gaussian mixture model:

1 101 —99 1 101 99
§N<0’(—99 101 )>+§N(O’( 99 101 ))

We generate 2000 samples from the model and compute the dictionary learning objective
L(-) defined in (3.1) for each candidate dictionary (Fig. 4.2). As can be seen from the
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Figure 4.2: The empirical data (left) and the objective surface plot (middle). We parameterize
a candidate dictionary as D = (ay, as), where a; = (cos(6;),sin(6;)), as = (cos(6s),sin(6s)).
The objective of D is defined as in (3.1). Green dots/lines indicate global minima, whereas
red dots/lines are the reference dictionary or its sign-permutation equivalents. The right
figure shows the objective curve for all orthogonal dictionaries (0; — 6, = 7/2). While the
reference dictionary is a sharp local minimum, it is not a global minimum.

objective function surface plot, the global minimum for this data set is not the reference
dictionary. Furthermore, one can show that the global minimum is not sharp, i.e., the
directional derivative along certain directions at the global minimum is close to zero for finite
samples and exactly zero for the population case.

The above example shows a potential drawback of directly minimizing the ¢; objective
compared to other objectives such as ¢,. For the ¢y objective, under certain Bernoulli Gaussian
models, the reference dictionary is a global minimum [34] and even in our counterexample,
which is not Bernoulli Gaussian, the reference dictionary can still be shown to be a global
minimum. Still, the computation complexity of the ¢, objective remains too high to switch
from ¢;. To remedy this drawback of ¢;, we observe that in the above example, although the
reference dictionary is not a global minimum, it is still a sharp local minimum and there are
no other sharp local minima. Therefore there is hope that we can combine the ¢; objective
and a "sharpness" test to recover the reference dictionary. Is this observation true for general
cases? The answer is yes. The following theorem shows that the reference dictionary is the
unique sharp local minimum of /;-minimization up to sign-permutation.

Theorem 4.2.1 (Unique sharp local minimum). Suppose the reference coefficient vector o
satisfies probabilistic linear independence (see Assumption II). If D* is a sharp local minimum
of Formulation (4.1), it is the only sharp local minimum in B(RX). If it is not a sharp local
minimum, there are no sharp local minima in B(RF).

Note that Theorem 4.2.1 works for the population case where the sample size is infinite.
For the finite sample case, we can show that the sharpness of spurious local minima is close
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to zero. Define D, to be

D. = {D c B(R* )‘D is a sharp local minimum of (3.2) with sharpness at least e.}.

Define eig(D) to be the set of eigenvalues of the matrix D. For any fixed ¢ > 0 and
p2 > p1 > 0, define the event A(pq, po, €) to be

A(p1, p2,€) ={There exists D € D, s.t. eig(D) C (p1, p2) and (4.3)
D # D~ up to sign-permutation.} .

In other words, the event A represents the "bad" event that at least one of the sharp local
minima in D, with bounded eigenvalues is not the reference dictionary. With this notation,
Theorem 4.2.1 basically shows that for the population case, the event A(p; = 0, po = 00, e = 0)
will never happen. The next theorem shows that for the finite sample case, P(A(p1, pa,€)) is
upper bounded.

Theorem 4.2.2 (Finite-sample case). Suppose V), 2@ ... ™ are drawn i.i.d. from a
model satisfying probabilistic linear independence (see Assumption I1I) and for anyi=1...n,

2@, < L < co. Then for any fized py > p1 > 0 and € > 0,

3
1

2
n Pi€ 1
P(A < dexp (2K (g +1) - -~
(A(p1, p2,€)) < exp< "or T ) n(2Lﬂ2 ”)>

In particular, P(A(p1, pa,€)) = 0 as £ — 0.

Remarks: Theorem 4.2.2 ensures that as K/n — 0, with high probability no dictionaries
other than D* are sharp local minima within a region {D € ]BS(]RK)‘eig(D) € (p1,p2)}-

However, it does not tell whether or not D* is a sharp local minimum. For the population
case, this issue is resolved in Theorem 4.1.1, which gives a necessary and sufficient condition
for the reference dictionary to be a sharp local minimum.
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Chapter 5

Algorithms for checking sharpness and
solving /{-minimization

As shown in the previous section, the reference dictionary is the unique sharp local minimum
under certain conditions. Here, we will design an algorithm that uses this property as a
stopping criterion for ¢;-minimization. If the algorithm finds a sharp local minimum, we
know that it is the reference dictionary. To do so we need to answer the following practical
questions:

e How to determine numerically if a given dictionary is a sharp local minimum?
e How to find a sharp local minimum and recover the reference dictionary?

In this section, we first introduce an algorithm to check if a given dictionary is a sharp local
minimum. We then develop an algorithm to recover the reference dictionary. The latter
algorithm is guaranteed to decrease the (truncated) ¢; objective function at each iteration
(Proposition 5.2.2).

5.1 Determining sharp local minima

Despite the intuitive concept, checking whether a given dictionary is a sharp local minimum
can be challenging. First of all, the dimension of the problem is very high (p?). Second, if a
dictionary is a sharp local minimum, the objective function is not differentiable at that point,
precluding us from using gradients or the Hessian to solve the problem. One might also
consider using sub-gradients to minimize the objective [3]. However, because the problem is
actually non-convex, sub-gradients might not be well-defined.

We propose a novel algorithm to address these challenges. We decompose the problem
into a series of sub-problems each of which is low-dimensional. In Proposition 5.1.1, we show
that a given dictionary is a sharp local minimum in dimension p? if and only if certain vectors
are sharp local minima for the corresponding sub-problems of dimension p. The objective
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function of each subproblem is strongly convex. To deal with non-existence of gradient or
Hessian, we design a perturbation test based on the observation that a sharp local minimum
ought to be stable with respect to small perturbations. For instance, x = 0 is the sharp
local minimum of |z| but is non-sharp local minimum of z?. If we add a linear function as
a perturbation, z = 0 is still a local minimum of |z| + ¢ - « for any € such that |e| < 1 but
not so for 22 + € - x. The choice of the perturbation is crucial. In Proposition 5.1.1, we show
that adding a perturbation to the dictionary collinearity matrix M is sufficient. Note that
perturbations to other quantities might work as well. Intuitively, a "good" perturbation
should provide enough variability along any direction. Otherwise, a local minimum that is
not sharp along certain directions might be mistakenly deemed as sharp.

Proposition 5.1.1. The following three statements are equivalent:

1) D s a sharp local minimum of (3.2).

2) For any k =1,...,p, I is the sharp local minimum of the strongly convex optimization:
P
I € argmin,, E[{(8, w)| + Z \/(wh — My p)? +1— M, -E|Bl. (5.1)
h=1,h+£k
subject to w = [wy,...,w,] € RP, wy = 1.

3) For a sufficiently small p > 0 and any M s.t. |My, — My < p for any k,h=1,...,p,
I, is the local minimum of the convex optimization:

p
I € argming, Bl(B,w)|+ S \J(wy — M2 + 102, BBl (5.2)
h=1,h£k
subject to w = [wy,...,w,] € RP, wy = 1.
fork=1,....p.

Proposition 5.1.1 tells us that, in order to check whether a dictionary is a sharp local
minimum, it is sufficient to add a perturbation to the matrix M = D? D and check whether
the resulting dictionary is the local minimum of the perturbed objective function. Empirically,
we can add a Gaussian noise with a small enough variance p and minimize the objective
(5.2). If Ty, the k-th column vector of the identity matrix, is the local minimum for the
perturbed objective, by Proposition 5.1.1 the given dictionary is guaranteed to be a sharp
local minimum. We formalize this idea into Algorithm 1. We acknowledge that this algorithm
might be conservative and misclassify a sharp local minimum as a non-sharp local minimum
if p is not small enough as required in Proposition 5.1.1. There is no good rule-of-thumb
in choosing p as it can be dependent on the data. We will explore the sensitivity of this
algorithm with respect to choice of p in the simulation section.
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Algorithm 1 Sharp local minimum test for ¢;-minimization dictionary learning

Require: Dictionary to be tested D, samples U, ... ™ perturbation level p € R*,
threshold T € R*.

fori=1,...,ndo
B D1z,
end for

for j=1,...,pdo
Generate €; ~ N(0,p - Lxp).
Dj = Dj + €.
end for
for k,h=1,...,pdo
Mkﬁ — <Dh,Dk> if k 7& h or 0.
end for
r<0
for k=1,...,pdo
Solve the strongly convex optimization via BFGS:

n P n
w® + minimize,, Z |<ﬁ(i), 'w>| + Z \/(wh — Mk,h)2 +1— Mg’h ) Z |16f(j)|'
i=1 i=1

h=1,hsk
(5.3)
5.4

subject to w = [wy, ..., wy] € RP, w, = 1.

Ix < (0,...,0,1,0,...,0) where only the k-th element is 1.
r + max(r, |w® — I,|3).

end for

if r < T then
Output D is a sharp local minimum.

else

Output D is not a sharp local minimum.
end if

The main component of Algorithm 1 is solving the strongly convex optimization (5.3). To
do so we use Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [97], which is a second
order method that estimates Hessian matrices using past gradient information. Each step of
BFGS is of complexity O(np + p?). If we assume the maximum iteration to be a constant,
the overall complexity of Algorithm 1 is O(np? + p®). Because sample size n is usually larger
than the dimension p, the dominant term in the complexity is O(np?). In the simulation
section, we show that the empirical computation time is in line with the theoretical bound.
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5.2 Recovering the reference dictionary

We now try to solve formulation (3.2). One of the most commonly used technique in solving
dictionary learning is alternating minimization |66, 59|, which is to update the coefficients
and the dictionary in an alternating fashion until convergence. This method fails for noiseless
/1-minimization: when the coefficients are fixed, the dictionary must also be fixed to satisfy
all constraints. To allow dictionaries to be updated iteratively, researchers have proposed
different ways to relax the constraints [2, 60]. However, those workarounds tend to have
numerical stability issues if a high precision result is desired [60].

This motivates us to propose Algorithm 2. The algorithm uses the idea from Block
Coordinate Descent (BCD). It updates each row of D~! and the corresponding row in the
coefficient matrix simultaneously. As we update one row of D!, we also scale all the other
rows of D~! by appropriate constants. This is because if we only update one row of D!
while keeping the others fixed, columns of the resulting dictionary will not have unit norm.
The following lemma gives an admissible parameterization for updating one row of D!,

Proposition 5.2.1. For any dictionary D € B(RP) and any coordinate k € 1,...,p, given a
vector w = [wy, ..., w,| € RP such that wy, =1, we can define a matriz () € RP*P:

’LUTD_l h:k
@l :{ \/(wh — M) +1— Mg, - D7'[h,] h#k

Then Q= € B(RP), which means each column of Q' is of norm 1.

With the parameterization in Proposition 5.2.1, we derive the following subproblems from
{1-minimization dictionary learning: for k =1, ..., K,

n p
argmin,, Z (8D, w)| + Z \/(wh — My p)?+1— M, - Z |B}(Z)|
i=1 h=1,h£k
subject to w = [wy, ..., wy] € R wy, =

where 8% = D'z for a dictionary D. This new sub-problem is strongly convex, making it
relatively easy to solve. Note that this problem is exactly the same as (5.1) in Proposition 5.1.1.
Thus the optimization problem (5.1) is closely related to ¢;-minimization dictionary learning
from two different perspectives: First, the sharpness of any solution of ¢;-minimization
is equivalent to the sharpness of I for the optimization (5.1). Second, the optimization
problem (5.1) can be viewed as a subproblem of ¢;-minimization under an appropriate
parameterization.

A natural way to solve ¢;-minimization dictionary learning is to solve the above subprob-
lems iteratively for each coordinate k. Similar ideas of learning a dictionary from a series of
convex programs have been explored in other papers. For example, [34] reformulated the
dictionary learning problem as a series of linear programs (LP) and construct a dictionary
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from the LP solutions. Nonetheless, their algorithm is not guaranteed to minimize the ¢,
objective at each iteration.

We propose a coordinate-descent-based dictionary learning Algorithm 2. It has a tuning
parameter 7, which aims at improving the performance of /;-minimization under the high
signal-to-noise ratio settings. When 7 is set to be infinity, Algorithm 2 minimizes the ¢;
objective at each update. However, when the signal-to-noise ratio is high, ¢;-minimization
sometimes ends up with a low quality result. This is commonly due to the fact that the ¢;-
norm over-penalizes large coefficients, which breaks the local identifiability, i.e., the reference
dictionary is no longer a local minimum. Similar ideas are used in the re-weighted ¢,
algorithms in the field of compressed sensing |[15]. The motivation of re-weighted algorithms
is to reduce the bias of /;-minimization by imposing smaller penalty to large coefficients.
In our algorithm, we simply truncate coefficient entries beyond the given threshold 7. The
obtained problem is still strongly convex but this trick improves the numerical performance
significantly.

The following theorem guarantees that the proposed algorithm always decreases the
objective function value.

Proposition 5.2.2 (Monotonicity). Define

FD) =33 i (|p"1j12

i=1 j=1

a7_>7

where T is the threshold used in Algorithm 2. Denote by DP) the dictionary at the t-
th iteration from Algorithm 2. f(D®P) decreases monotonically for t € N: f(DOP) >
F(DO) > F(DE).

5.3 Numerical experiments

In this section, we evaluate the proposed algorithms with numerical simulations. We will
study the empirical running time of Algorithm 1 in the first experiment and examine how the
perturbation parameter p affects its performance in the second. In the third experiment, we
study the sample size requirement for successful recovery of the reference dictionary. Finally,
we will compare Algorithm 2 against other state-of-the-art dictionary learning algorithms |08,

, 67]. The first two less computationally intensive simulations are run on an OpenSuSE
OS with Intel(R) Core(TM) i5-5200U CPU 2.20GHz with 12GB memory, while the last
two simulations are conducted in a cluster with 20 cores. The source code of the DL-BCD
algorithm can be found in the github repository.

Thttps://github.com /shifwang/dl-bed
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Algorithm 2 Dictionary Learning Block Coordinate Descent (DL-BCD)
Require: Data (), ...z threshold 7.
Initialize DY ¢ « 0. Q « (D©®Y)~1,
while Stopping criterion not satisfied do
for j=1,...,pdo

for:=1,...,ndo
B — Qx®,
end for
forh=1,...,pdo
my < (D}, D).
end for

Solve the convex optimization via BFGS:

P
winimizen 37 (B0 w)l+ D0yt — )+ 1w 3157

i=l.n, h=1,h#j i=l.n,
1857 1< 15 1<
subject to w = [wy, ..., wy] € R?, w; = 1.

Update j-th row of Q: Q[j,] + wTQ.
for h=1,...,p, h# j do
Q[hv] < Q[hv] : \/(wh - mh)2 +1-— m%
end for
if j = p then
pDG+LY Q_l-
else
D(t,j+1) «— Qfl.
end if
end for
t<t+1.
end while

Empirical running time of Algorithm 1

We evaluate the empirical computation complexity of Algorithm 1. Let the reference dictionary
be a constant collinearity dictionary with coherence p = 0.5, i.e.,

D* = (0.51 +0.5117)"/2,

The sparse linear coefficients are generated from the Bernoulli Gaussian distribution BG(p)
with p = 0.7. This specific parameter setting ensures that the reference dictionary is not
a local minimum, thus making Algorithm 1 converge slower. For a fixed dimension, the



CHAPTER 5. CHECKING SHARPNESS AND SOLVING ¢,-MINIMIZATION 28

0.45 2.5
¢ timing ( p + o) ¢ Timing ( ¢ £ o)
04 1= = =linear reg 1 - = =quadratic reg

0.35

0.3

Timing (sec)

1 7
o2 1 1
. M .
k- -
_E‘ -3 05 3
- -
0.15 _a--3 1 57
R -
- 0 . _o-%"
0 1000 2000 3000 4000 5000 0 10 20 30 40 50
Samplesize Dimension

Figure 5.1: Computation time of Algorithm 1. Left: For p = 20 and n = 500, ...,5000. Right:
For p =5,...,50 and n = 400.

computation time scales roughly linearly with the sample size, while for fixed sample size,
the computation time scales quadratically with dimension p (Fig. 5.1). This shows that the
empirical computation complexity of Algorithm 1 is of order O(np?), which is consistent with
the theoretical complexity. Simulation results remain stable for different parameter settings.

Sensitivity analysis of the perturbation parameter p

In this experiment, we test the sensitivity of Algorithm 1 by varying the perturbation
parameter p. We set dictionary dimension p = 20, sparsity parameter s = 10 and sample size

n = 1600. Also, we consider constant collinearity dictionaries with coherence y1 = \/Lg( =1 +0.1)

(Fig. 5.2 Left) and pu = \/lg(ﬁj —0.2) (Fig. 5.2 Right). For the first experiment, the reference
dictionary is not a sharp local minimum of the objective function given sufficiently large
sample size. Hence a small perturbation to the dictionary results in a large distance between
the global minimum of the perturbed optimization and I, i.e., the quantity r defined in
Algorithm 1. In the second experiment, the reference dictionary is sharp, indicating the
distance r in Algorithm 1 should be small after adding a perturbation. For each value of p
between 0.05 and 0.5, we repeat the algorithm 20 times to compute the resulting distances.
When p is small, the distance r for the non-sharp case is very big (around 1.0) whereas
for the sharp case it remains small (around 107'?). For the sharp case, once p increases
beyond 0.35, r increases drastically to 1073. This experiment shows for a wide range of
parameter p values (0.05 to 0.3), Algorithm 1 succeeds in distinguishing between the sharp
and non-sharp local minima. Nonetheless, there are two caveats when using this algorithm.
First, the parameter p depends on the data generation process, which is usually not known
in practice. Thus, it is still an open question about how to select p. Second, this algorithm is
only useful for the noiseless case or when the noise is negligible. When the noise is significant,
the reference dictionary is no longer a sharp local minimum. In that case, instead of checking
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Figure 5.2: Sensitivity analysis of perturbation parameter p in Algorithm 1. Left: constant

collinearity dictionary with coherence u = \/%(1’;:1 + 0.1); Right: constant collinearity
dictionary with coherence p = \/Lé(i — —0.2).

the sharpness, an alternative is to check the smallest eigenvalue of the Hessian. This idea has
not been fully explored and will be studied in future work.

Empirical sample size requirement for local identifiability

When the reference dictionary is the constant collinearity matrix and the coefficients are sparse
Gaussian, [100] shows that if the sample size n is of order O(plInp), local identifiability holds
with high probability. However, the corresponding constants that ensure local identifiability
are unknown. In this subsection, we study the empirical sample size required for local
identifiability with the help of Algorithm 1.

Suppose the reference dictionary has constant coherence p = 0.5 for various sizes K =
12,16, 20 and the coefficients are drawn from the Sparse Gaussian distribution with sparsity
s = 5. This specific parameter setting ensures the reference dictionary is a sharp local
minimum given sufficient samples. Perturbation level is set at p = 0.01 and the threshold
T = 107°. The experiment is repeated 20 times. Fig. 5.3 shows the percentage of experiments
in which Algorithm 1 identifies D* as a sharp local minimum for a variety of sample sizes
n. Under this specific setting, to ensure local identifiability with 50 percent probability, the
sample size n is roughly 20p.

To further explore how dimension p affects the sample size for local identifiability, we run
simulations for p = 25, ..., 70 and estimate the sample sizes that ensure the local identifiability
with at least 50% chance. As shown in Fig. 5.4, the required sample size and dimension
closely follow a linear relation 16.5p 4+ 63. It is linear, i.e., O(p), instead of O(pln p) because
the sample size only ensures local identifiability with 50% chance.
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Figure 5.3: The percentage of experiments in which the reference dictionary is a local
minimum, for different dimensions p = 12,16, 20 and different sample sizes. The fitted line is
obtained using a logistic regression. The sample size ensuring 50% chance is 253, 316, 375
respectively for p = 12, 16, 20.
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Figure 5.4: The estimated sample size that achieves 50 percent chance to ensure local
identifiability for different p when the reference coefficient is generated from sparse Gaussian
distribution and the reference dictionary has constant collinearity.

Global recovery performance of DL-BCD

The empirical performance of DL-BCD depends on the hyper-parameter 7 and the initializa-
tion. In practice, we can set 7 = co and initialize from a random orthogonal dictionary to
obtain a rough approximation. Next, using the resulting dictionary as the initialization, we
run the algorithm again with a reduced value of 7, say, 0.5. Compared with starting from a
random initialization and using 7 = 0.5 directly, this two-step procedure performs better in
our simulations.

In the below experiment, we set the reference dictionary to be a constant collinearity
dictionary with p = 10 and p = 0.7, the coefficient is generated from sparse Gaussian model
with sparsity s = 4 and the sample size is 400. Then we record the number of iterations for
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DL-BCD to find the reference dictionary. As shown in Fig. 5.3, in 70 out of 100 experiments,
DL-BCD recovers the reference dictionary with a single run. Note that if random initialization
is used instead of ¢;-minimization with 7 = oo, the one iteration recovery rate will drop
from 70 percent to 5 percent. That means the initialization really plays an important role
here: using ¢;-minimization as the initialization for truncated ¢;-minimization yields a good
performance.
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Figure 5.5: Histogram of number of iterations in DL.-BCD and boxplot of the time complexity
when initializing with the solution of /;-minimization with 7 = oc.
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Figure 5.6: Histogram of number of iterations in DL.-BCD and boxplot of the time complexity
when initializing with random initialization. This shows random initialization is much worse
than initializing with the solution of /;-minimization with 7 = oco.

Comparison with other algorithms

We compare the performance of DL-BCD with other state-of-the-art algorithms, including the
greedy K-SVD algorithm [3], SPAMS for online dictionary learning [61, 59], ER-SpUD(proj)
for square dictionaries [31], and EM-BiG-AMP algorithm [68, 69]. The implementation of
these algorithms is available in the package BiG-AMP |68, (9].
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We use the following hyperparameter settings for each algorithm.

EM-BiG-AMP: The outer loop that performs EM iterations is allowed up to 20 iterations.
The inner loop is allowed a minimum of 30 and a maximum of 1500 iterations.

K-SVD: K-SVD has two parameters: number of iterations and the enforced sparsity.
The number of iterations is set to be 1000. The enforced sparsity is set to be the same
as the true sparsity of the underlying model s.

SPAMS: SPAMS optimizes an LASSO type objective iteratively. The number of
iterations is set to be 1000 and the penalty parameter in front of the ¢; norm is

A=.1/VN.

DL-BCD: Our algorithm has an outer loop and an inner loop. The outer loop is set to
be at most 3. The inner loop is allowed a maximum of 100 iterations. 7 is either oo or
0.5.

ER-SpUD: We use the default settings in the package developed by the authors of
ER-SpUD.

First we introduce the simulation setting. We generate n = 100p samples using a noisy
linear model:

2" =D*a" + 9 i=1,... n.

The reference dictionary D*, the reference coefficients a”, and the noise € are generated
as follows.

Generation of D*: First, we randomly generate a Gaussian matrix X € RP*P where
each entry X, is i.1.d. and X ~ N(0,1). We then scale columns of X to get columns
of the reference dictionary D} = X;/|| Xl for j =1,...,p.

Generation of a”: We generate the reference coefficient from sparse Gaussian distribu-
tion with sparsity s: o ~ SG(s) fori=1,... n.

Generation of €”: We generate ¢ using a Gaussian distribution with mean zero. The
variance of the distribution is set such that the signal-to-noise ratio is 100:

E||D* oM,

=102
E[[e® ]|

We choose the dimension p between 2 and 20 and sparsity s between 2 and p. For each
(s, p)-pair, we repeat the experiment 100 times. The accuracy of an estimated dictionary D
is quantified using the normalized mean square error (NMSE):

R DJ — D*|?
NMSE(D, D*) = min w,
7e7 || D%
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Figure 5.7: NMSE of recovered dictionaries using different algorithms. The reference dictionary
is constant linearity matrix (I + u1)'/2. Coefficients are positive sparse Gaussian a ~ |S(T)).
Noise is standard Gaussian. SNR is 100dB.

where J = {T"- A | T is a permutation matrix and A is a diagonal matrix whose diagonal
elements are +1.} is a set of matrices introduced to resolve the permutation and scale
ambiguities. We say an algorithm has a successful recovery if the NMSE of D is smaller than
the threshold 0.01. We compare different algorithms in terms of their recovery rate, defined
as the proportion of simulations that an algorithm has a successful recovery.

The algorithms being tested have several important parameters. For the purpose of
comparison, we choose these parameters in a way such that they are consistent with other
papers [68, 69]. The details of parameter settings can be found in Appendix D. We also
added 40 dB noise.

Fig. 5.10 shows the recovery rate for a variety of choices of dimension p and sparsity
s. For each algorithm, the blue region corresponds to (s, p) configurations under which an
algorithm has high recovery rate, whereas yellow region indicates low recovery rate. Our
results demonstrate that DL-BCD with 7 = 0.5 has the best recovery performance compared
to other algorithms. We tried 7 = 0.1,0.5,1,2,10, and oo but with no further fine tuning.
The algorithm EM-BiG-AMP has the second best performance.

We also compare the algorithms in terms of their computation cost. We record the average
computation times for p = 20 and s = 10 (Fig. 5.11). It can be seen that the SPAMS package
is the fastest. The speed of our DL-BCD is roughly the same as that of K-SVD. ER-SpUD is
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Figure 5.8: NMSE of recovered dictionaries using different algorithms. The reference dictionary
is constant linearity matrix (I + z1)'/2. Coefficients are standard sparse Gaussian a ~ S(T)).
Noise is standard Gaussian. SNR is 100dB.

the slowest among all the algorithms.

Drosophila embryonic gene expression images

To study organ formation of Drosophila, or fruit fly, developmental biologists use dye chemistry
to visualize the gene expression of the fly embryos [33]. For early stage embryos, a study
by [101] using nonnegative matrix factorization (NMF) reveals 21 principal patterns that
correspond to different body parts and pre-organ regions. The data set contains 1640 gene
expression images each of which is of dimension 32 x 16 pixels. A sample of original images
can be found in Fig. 5.12. This dataset contains biologically interpretable image patterns
that can be learned through Dictionary learning or NMF. In our following experiments, the
dictionary size is chosen to be 21 in order to compare directly with [101].
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Figure 5.9: NMSE of recovered dictionaries using different algorithms. The reference dictionary
is constant linearity matrix (I 4 p1)'/2. Coefficients are sparse Laplacian o ~ SL(T'). Noise
is standard Gaussian. SNR is 100dB.
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Figure 5.12: A sample of early stage Drosophila embryonic gene expression images. Each
image corresponds to the spatial expression of one gene. There can be multiple replicates for
the same gene in the data. The blue region is where the gene is expressed.

For this dataset, we are learning an under-complete dictionary. In order to apply DL-BCD,
we first perform a PCA and select the first 21 principle components. The DL algorithms are
then applied to the loading coeflicients of the 21 PCs. Each algorithm is repeated 5 times
and the best result is selected. NMF, SPAMS-DL, DL-BCD, K-SVD, EM-BiG-AMP, and
ER-SpUD results are shown in Fig. 5.13. From the result, it can be seen that NMF gives the
most interpretable result in the sense that all learned patterns are well localized in different
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Figure 5.10: Recovery rate of different algorithms for p =2,...,20 and s =2,...,p.
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Figure 5.11: Average running time of different algorithms for p = 20 and s = 10.

geographic locations of the embryo. Then SPAMS-DL also gives dictionaries that are very
similar to the NMF result. DL-BCD and EM-BiG-AMP both recover some of the atoms
in the dictionary but there are certain patterns that are not recognizable. This shows that
DL-BCD has reasonable performance even for noisy data. The ground truth dictionary is the
NMF result.
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Chapter 6

Conclusion and future work

6.1 Conclusion

In the first part of the thesis, we study the theoretical properties of £;-minimization dictionary
learning under complete reference dictionary and noiseless signal assumptions. First, we
derive a sufficient and almost necessary condition for local identifiability of ¢;-minimization.
Our theorems not only extend previous local identifiability results to a much wider class
of coefficient distributions, but also give an explicit bound on the region within which the
objective value of the reference dictionary is minimal and characterize the sharpness of a local
minimum. Second, we show that the reference dictionary is the unique sharp local minimum
for /;-minimization. Based on our theoretical results, we design an algorithm to check the
sharpness of a local minimum numerically. Finally, We propose the DL-BCD algorithm and
demonstrate its competitive performance over other state-of-the-art algorithms in noiseless
complete dictionary learning.

6.2 Future directions

Although we mainly focus on complete dictionaries, we believe that some of the results
can be extended to the over-complete case. The challenge is that the representation of
the optimization problem in the complete case (Formulation 4.1) will become much more
complicated as the dictionary is no longer invertible. To deal with this issue, we note that
some collections of the columns of the dictionary are invertible and as a result, the problem
is now a double minimization minpep Eminpregpexs prep [[D''x|;. Techniques used in
compressed sensing |18, 28| and prior works of overcomplete dictionary learning [30] can be
useful in establishing the generalized results. Besides over-complete settings, it would also be
interesting to generalize the result to the noisy case [31].

Although our results only apply to complete dictionaries, the insights gained from the
analysis has potential to be generalized to the over-complete dictionary. Under appropriate
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models, we conjecture that the possibly overcomplete reference dictionary could be the only
sharp local minimum for the ¢; minimization objective.



Part 11

Feature importance and feature
interaction recovery via RF
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Chapter 7

Feature importance and feature
interaction discovery: Introduction

Machine learning algorithms have been empirically proven to be extremely powerful in terms
of prediction accuracy for various supervised learning tasks. However, prediction accuracy
is not the only goal in many scientific and industrial problems. Information about how a
model makes predictions is of paramount value [(2]. For example, when a geneticist wants
to understand a particular phenotype, e.g., hair color, having an black-box algorithm that
predicts hair color from someone’s genotype does not provide any new biological insights.
Instead, the primary focus of interest is often the mechanism behind the data itself — what
genes are important and what genes interact with each other for a particular phenotype?
Thus, in these research areas, it is a pressing task to interpret the ML models and extract
information beyond prediction.

Among many ML algorithms, tree ensembles including Random Forests (RF) [12] and
gradient boosted decision trees |27]| stand out as they enjoy both state-of-the-art prediction
performance in a variety of practical problems and have relatively reliable interpretation
algorithms [0, 50, , 53, 50]. To interpret a tree ensemble model, two questions are at the
center:

e Feature importance: What features are important for the model’s prediction?

e Feature interaction: How do features interact with one another to form the final
prediction?

In the following section, we give a high-level overview of works in each of these directions.

RF feature importance

Understanding how a machine learning (ML) model makes predictions is important in many
scientific and industrial problems. Appropriate interpretations can help increase the predictive
performance of a model and provide new domain insights. While a line of study focuses
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on interpreting any generic ML model |89, 74|, there is a growing interest in developing
specialized methods to understand specific models. In particular, interpreting Random Forests
(RF) [12] and its variants [51, 88, 86, 87, 10, 41| has become an important area of research
due to the wide ranging applications of RF in various scientific areas, such as genome-wide
association studies (GWAS) [24], gene expression microarray [17, 75|, and gene regulatory
networks [35].

A key question in understanding RF is how to assign feature importance. That is, which
features does a RF rely on for prediction? One of the most widely used feature importance
measures for RF is mean decrease impurity (MDI) [13]. MDI computes the total reduction in
loss or impurity contributed by all splits for a given feature. This method is computationally
very efficient and has been widely used in a variety of applications [79, 38]. However,
theoretical analysis of MDI has remained sparse in the literature [11]. Assuming there are
an infinite number of samples, Louppe et al. [50] characterized MDI for totally randomized
trees using mutual information between features and the response. They showed that noisy
features, i.e., features independent of the outcome, have zero MDI importance. However,
empirical studies have shown that MDI systematically assigns higher feature importance
values to numerical features or categorical features with many categories [37]. In other words,
high MDI values do not always correspond to the predictive associations between features
and the outcome. We call this phenomenon MDI feature selection bias. Louppe [55] studied
this issue and demonstrate via simulations that early stopping mechanisms (e.g., limited
depth and larger leaf sizes) are effective to reduce the feature selection bias.

In addition to MDI [96, 57], some other feature importance measures have been studied
in the literature and used in practice:

e Split count, namely, the number of times a feature is used to split [37], can be used as a
feature importance measure. This method has been studied in [38, 10] and is available
in XGBoost [19].

e Mean decrease in accuracy (MDA) measures a feature’s importance by the reduction in
the model’s accuracy after randomly permuting the values of a feature. The motivation
of MDA is that permuting an important feature would result in a large decrease in
the accuracy while permuting an unimportant feature would have a negligible effect.
Different permutation choices have been studied in [88, 39].

Recently, Lundberg et al. [57] show that for feature importance measures such as MDI and
split counts, the importance of a feature does not always increase as the outcome becomes
more dependent on that feature. To remedy this issue, they propose the tree SHAP feature
importance, which focuses on giving consistent feature attributions to each sample. When
individual feature importance is obtained, overall feature importance is straightforward to
obtain by just averaging the individual feature importances across samples.

There is another line of work that focuses on modifying the tree construction procedure
to obtain better feature importance measures. Hothorn et al. [30] introduced cforest in the
R package party that grows classification trees based on a conditional inference framework.



CHAPTER 7. FEATURE IMPORTANCE AND INTERACTION DISCOVERY 43

Strobl et al. [87] showed that cforest suffers less from the feature selection bias. Sandri and
Zuccolotto [79] proposed to create a set of uninformative pseudo-covariates to evaluate the
bias in Gini importance. Nembrini et al. [64] gave a modified algorithm that is faster than
the original method proposed by Sandri and Zuccolotto [79] with almost no overhead over the
creation of the original RF and available in the R package ranger. In a very recent paper,
Zhou and Hooker [103] proposed to evaluate the decrease in impurity at each node using
out-of-bag samples. However, our implementation is different from that in [103] and MDI-oob
enjoys higher computational efficiency.

Feature interaction discovery

In gene-interactions studies (also called epistasis), some papers [95, | empirically analyze
the extraction of feature interactions from paths of ensembles of decision trees. Wan et
al. [95] consider a boosting algorithm called MegaSNPHunter, where they interpret all
groups of features that jointly appear on one of the decision paths as a candidate interaction.
However, for genome-wide data this approach is computationally challenging even for mid-
sized trees because the algorithm generates a massive list of candidate interactions. Moreover,
MegaSNPHunter does not derive a ranking of those candidate interactions from the tree
structure. Yoshida and Koike [102] propose to rank candidate interactions of genetic variants
based on how often they appear together on decision paths in RF. However, this approach
requires a brute-force search among all possible feature combinations, thus can only be applied
to a relatively small number of features. Recently, iterative Random Forests (iRF) [10] is
proposed to seek predictive, stable, and high-order feature interactions based on a similar
idea as in Yoshida and Koike [102] that the set of interacting features often appear together
on individual decision paths of a tree. However, iRF incorporates a soft dimension reduction
step via iterative re-weighting of features in terms of their Gini importances, in order to
stabilize individual decision paths in the trees. Using the random intersection trees (RIT)
algorithm, iRF can extract stable interactions of arbitrary order in a computationally efficient
way, even when the number of features is large. There is positive evidence that iRF extracts
predictive, stable, and high-order interaction information from RF in genomics and other
fields [10, 45].

While these works provide strong empirical evidence that interactions extracted from
the ensemble of decision trees via RF are informative about underlying biological functional
relationships, the theoretical foundation of tree-based methods remain unexamined. In the
following chapters, we aim to provide theoretical understanding into RF based algorithms
for both feature importance and feature interaction discovery. We study the problem of RF
feature importance in Chapter 8. Then we introduce the LSS model and our main theoretical
results on feature interaction discovery in Chapter 9. Inspired by our theoretical results on
LSS model, we propose a novel ranking criterion called LSSrank and evaluate its empirical
performance in Chapter 10. Finally, we conclude our work in Chapter 11.
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Chapter 8

Debiased feature importance via
out-of-bag samples

In this chapter, using the original definition of MDI, we analyze the non-asymptotic behavior
of MDI and bridge the gap between the population case and the finite sample case. We find
that under mild conditions, if the samples used for each tree are i.i.d, then the expected
MDI feature importance of noisy features derived from any tree ensemble constructed on n
samples with p features is upper bounded by d,, log(np)/m,,, where m,, is the minimum leaf
size and d,, is the maximum tree depth in the ensemble. In other words, deep trees with
small leaves suffer more from feature selection bias. Our findings are particularly relevant
for practical applications involving RFs, in which scenario deep trees are recommended [12]
and used more often. To reduce the feature selection bias for RFs, especially when the trees
are deep, we derive a new analytical expression for MDI and then use this new expression
to propose a new feature importance measure that evaluates MDI using out-of-bag samples.
We call this importance measure MDI-oob. For both regression and classification problems,
we use simulated data and a genomic dataset to demonstrate that MDI-oob often achieves
5%-10% higher AUC scores compared to other feature importance measures used in several
publicly available packages including party [1(], ranger [99], and scikit-learn [70].

The rest of the chapter is organized as follows: we first provide a non-asymptotic analysis
to quantify the bias in the MDI importance when noisy features are independent of relevant
features in Section 8.1. In Section 8.2, we give a new characterization of MDI and propose a
new MDI feature importance using out-of-bag samples, which we call MDI-oob. In Section
8.3, we compare our MDI-oob with other commonly used feature importance measures in
terms of feature selection accuracy using the simulated data and a genomic ChIP dataset.
We conclude our work and discuss possible future directions in Section 8.4.
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8.1 Understanding the feature selection bias of MDI

In this section, we focus on understanding the finite sample properties of MDI importance and
why it may have a significant bias in feature selection. We first briefly review the construction
of RFs and introduce some important notations. Then, using the original definition of MDI,
we give a tight upper bound to quantify the expected bias of MDI importance for a noisy
feature. This upper bound is tight up to a logn factor where n is the number of i.i.d. samples.

Background and notations

Suppose that the data set D contains n i.i.d samples from a random vector (X, ..., X,,Y),
where X = (X1,...,X,) € R are p input features and Y € R is the response. The i*" sample
is denoted by (x;,v;), where x; = (21, ..., ;). We say that a feature X}, is a noisy feature
if X; and Y are independent, and a relevant feature otherwise. Note that this definition
of noisy features has also been used in many previous papers such as [506, 83]. We denote
S C [p] as the set of indexes of relevant features. We are particularly interested in the case
where the number of relevant features is small, namely, |S| is much smaller than p. For any
number m € N, [m] denotes the set of integers {1,...,m}. For any hyper-rectangle R C R?,
let 1(X € R) be the indicator function taking value one when X € R and zero otherwise.

RFs are an ensemble of classification and regression trees, where each tree T' defines a
mapping from the feature space to the response. Trees are constructed independently of one
another on a bootstrapped or subsampled data set DT of the original data D. Any node ¢
in a tree T represents a subset (usually a hyper-rectangle) R; of the feature space. A split
of the node t is a pair (k, z) which divides the hyper-rectangle R; into two hyper-rectangles
RN 1(X, < 2) and R, N 1(X}, > z), corresponding to the left child ¢ and right child #sh
of node ¢, respectively. For a node ¢ in a tree T, N,(t) = |[{i € D) : x; € R,}| denotes the
number of samples falling into R, and

() = an(t) Z " (8.1)

X, € Ry

denotes their average response.

Each tree T is grown using a recursive procedure which proceeds in two steps for each
node ¢. First, a subset M C [p] of features is chosen uniformly at random. Then the optimal
split v(t) € M, z(t) € R is determined by maximizing:

Nn (tleft> Nn (tright)
Nn(t) Na(t)

for some impurity measure Impurity(¢). The procedure terminates at a node t if two children
contain too few samples, i.e., min{ N, ('), N, (¢"8"*)} < m,, , or if all responses are identical.
The threshold m,, is called the minimum leaf size. If a node t does not have any children, it
is called a leaf node; otherwise, it is called an inner node. We define the set of inner nodes of

Az(t) := Impurity(¢) — Impurity (£") — Impurity (&) (8.2)
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a tree T as I(T). We say that 7" is a sub-tree of T" if 7" can be obtained by pruning some
nodes in 7.

Some popular choices of the impurity measure Impurity(¢) include variance, Gini index,
or entropy. For simplicity, we focus on the variance of the responses, i.e.,

1
Ni(t)

> (i — (1), (8.3)

:X;, €ERy

Impurity(t) =

throughout the thesis unless stated otherwise. Later we show that this definition of impurity
is equivalent to the Gini index of categorical variables with one hot encoding (see Remark in
Section 8.2)

The Mean Decrease Impurity (MDI) feature importance of Xy, with respect to a single
tree T' (first proposed by Breiman et al. in [13]) and an ensemble of ny.e. trees 11, ..., T,,...,
can be written as

Nnt 1 Ntree
MDI(k,T)= > n(>AZ(t) and MDI(k:):nt > MDI(k,T), (84
tel(T)w(t)=k ree =1

respectively. This expression is the best known formula for MDI and was analyzed in many
papers such as Louppe et al. [50].

Finite sample bias of MDI importance for RF

Given the set S of relevant features and a tree T', we denote

Go(T) = Y  MDI(k, T) (8.5)
k¢S

as the sum of MDI importance of all noisy features. Ideally, Go(T") should be close to zero with
high probability, to ensure that no noisy features get selected when using MDI importance
for feature selection. In fact, Louppe et al. [50] show that Go(T") is indeed zero almost
surely if we grow totally randomized trees with infinite samples. However, Go(T) is typically
non-negligible in real data, and finite sample properties of Go(T") are not well understood.
In order to bridge this gap, we conduct a non-asymptotic analysis of the expected value
of Go(T). Our main result characterizes how the expected value of G(7") depends on m,,
the minimum leaf size of T, and p, the dimension of the feature space. We start with the
following simple but important fact.

Proposition 8.1.1. If T is a sub-tree of T, then MDI(k,T") < MDI(k,T) for any feature
Xp.

This fact naturally follows from the observation that by definition, Az(t) > 0 for any
node t. Since the impurity decrease at each node is guaranteed to be non-negative, Go(T")
will never decrease as T' grows deeper, in which case the minimum leaf size m,, will be smaller.
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Indeed, if T is grown to purity (m, = 1), and all features are noisy (S = (}), then Go(T)
would simply be equal to the sample variance of the responses in the data D). How fast
does Gy(T') increase as the minimum leaf size m,, becomes smaller? To quantify the relation
between Go(T") and m,,, we need a few mild conditions which we now describe. Let

yi = ¢(Xis) +e,i=1,...,n (8.6)

for some unknown function ¢ : Rl — R, where ¢; are i.i.d zero-mean Gaussian noise. We
make the following assumptions.

(A1) X} ~ Unif[0,1] for all k£ € [p]. In addition, the noisy features { Xy, k € [p|]\S} are
mutually independent, and independent of all relevant features. Here S denotes the set of
relevant features.

(A2) ¢ is bounded: supygpoqs1 |¢(x)| < M for some M > 0.

The Assumptions (A1) and (A2) are weaker than the assumptions usually made when
studying the statistical properties of RF. The marginal uniform distribution condition in (A1)
is common in the RF literature [$3], and can be easily satisfied by transforming the features
via its inverse CDF. Since we are interested in characterizing the MDI of noisy features, we
do not require the relevant features to be independent of each other. We do require that
noisy features are independent of relevant features, which is a limitation of Theorem 8.1.1
below. Correlated features are commonly encountered in practice and difficult for any feature
selection method.

We now state our first main result which provides a non-asymptotic upper and lower
bound for the expected value of the maximum of G(7") over all tree T" with minimum leaf
size my,.

Theorem 8.1.1. Let T,(m,) denote the set of decision trees whose minimum leaf size is
lower bounded by m,, and T,(my,d,) C T,(m,) denote the subset of T, (m,) whose depth is
upper bounded by d,,. Under Assumptions (A1) and (A2), there exists a positive constant C
such that,
d,l
Ey. sup Go(T) < ¢ dn 108 (np) (8.7)

TET (Mn,dn) my,

In addition, when f =0 and m,, > 36logp + 18logn,

logp
Ex. sup Go(T)> .
TETn(mn) Cmn

(8.8)

We give the proof in the Appendix. To the best of our knowledge, Theorem 8.1.1 is the
first non-asymptotic result on the expected MDI importance of tree ensembles. In particular,
the upper bound can be directly applied to any tree ensembles with a minimum leaf size m,,
and a maximum tree depth d,, including Breiman’s original RF procedure, if subsampling is
used instead of bootstrapping.

Proof Sketch. Every node t in a tree T' € T,(m,,d,) corresponds to an axis-aligned
hyper-rectangle in [0, 1]? which contains at least m,, samples and is formed by splitting on at
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most d,, dimensions consecutively. Therefore, bounding the supremum of impurity reduction
for any potential node in 7,(m,,d,) boils down to controlling the complexity of all such
hyper-rectangles. Two hyper-rectangles are considered equivalent if they contain the same
subset of samples, since the impurity reductions of these two hyper-rectangles are always the
same. Up to this equivalence, it can be proved that the number of unique hyper-rectangles of
interest is upper bounded by (np)®, which corresponds to the d,log(np) term in the upper
bound. The final result is obtained via union bound. O

In the upper bound, each node t is obtained by splitting on at most d,, features. In
practice, d,, is typically at most of order logn. Indeed, if the decision tree is a balanced
binary tree, then d,, < log, n. Therefore, for balanced trees, the upper bound can be written

as
C’d" log(np) < O(logn)2 —|—10gnlogp7

Ex. sup GoT)< < (8.9)
Teﬁ(mn>dn) mn mn
and the theorem shows that the sum of MDI importance of noisy features is of order %’,
ie.,
1
sup Ex. sup Go(T) ~ ng, (8.10)
F:llplloc<M T€Tn(mn) M,

up to a logn term correction, which is typically small in the high dimensional p > n setting.
If all features X; are categorical with a bounded number of categories, then the upper bound

can be improved to

d, 1
Ex. sup Go(T)< 8L (8.11)

TETn (Mn,dn) My,

which shows that the MDI importance of noisy features can be better controlled if the noisy
features are categorical rather than numerical. That is consistent with the previous empirical
studies because the number of candidate split points for a numerical feature is larger than
that for a categorical feature.

Theorem 8.1.1 shows that the supremum of MDI importance of noisy features over all
trees with minimum leaf size m,, is, in expectation, roughly inversely proportional to m,,.
Fig. 8.5, we show that the inversely proportional relationship is consistent with the empirical
Go(T) on a simulated dataset described in the first simulation study in Section 8.3. Therefore,
to control the finite sample bias of MDI importance, one should either grow shallow trees, or
use only the shallow nodes in a deep tree when computing the feature importance. In fact,
since Go(T') depends on the dimension p only through a log factor log p, we expect Go(T) to
be very small even in a high-dimensional setting if m,, is larger than, say, v/n. For a balanced
binary tree grown to purity with depth d,, = log, n, this corresponds to computing MDI
only from the first d,,/2 = (log, n)/2 levels of the tree, as the node size on the dth level of a
balanced tree is n/2%.

Fact 8.1.1 implies that the MDI importance of relevant features might also decrease as
m,, increases, but we will show in simulation studies that they will decrease at a much slower
rate, especially when the underlying model is sparse.
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8.2 MDI using out-of-bag samples (MDI-oob)

As shown in the previous section, for balanced trees, the sum of MDI feature importance
of all noisy features is of order loi(p if we ignore the log(n) terms. This means that the
MDI feature selection bias becomes severe for trees with smaller leaf size my,, which usually
corresponds to a deeper tree. Fortunately, this bias can be corrected by evaluating MDI
using out-of-bag samples. In this section, we first introduce a new analytical expression of
MDI as the motivation of our new method, then we propose the MDI-oob as a new feature
importance measure. For simplicity, in this section, we only focus on one tree 1. However,
all the results are directly applicable to the forest case.

A new characterization of MDI

Recall that the original definition of the MDI importance of any feature k is provided in
Equation (8.4), that is, the sum of impurity decreases among all the inner nodes ¢ such that
v(t) = k. Although we can use this definition to analyze the feature selection bias of MDI
in Theorem 8.1.1, this expression (8.4) gives us few intuitions on how we can get a new
feature importance measure that reduces the MDI bias. Next, we derive a novel analytical
expression of MDI, which shows that the MDI of any feature k can be viewed as the sample
covariance between the response y; and the function frj(x;) defined in Proposition 8.2.1.
This new expression inspires us to propose a new MDI feature importance measure by using
the out-of-bag samples.

Proposition 8.2.1. Define the function fr(-) to be

fraX)= Y (,un(tleft)l(X € Rpett) + ptn (¥ 1(X € Rypan) — () 1(X € Rt)>.
tel(T):v(t)=k

Then the MDI of the feature k in a tree T can be written as:

| Z ka Xz *Yis (812)

ieD(T)

Proof of Proposition 8.2.1. For simplicity, here we only present the proof for a single tree T'.
The case of multiple trees is straightforward. Recall that % and #8" are the left and right
children of the node t. Based on (8.4), MDI at the node ¢ is

N, (t)
AI (Xi € Rt)
(T DT § :
[DT)] )| et (8.13)

- [yz - ,un(tleft)] 1(XZ € Rtleft) - [yz - Mn(tright)]21(Xi € Rtright).
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Because 1(x; € R;) = 1(x; € Rpiant) + 1(X; € Ryert), the above term becomes

F%T” Z ((yz - :un(t))z - (yz - Nn(tleft))Q) 1(Xi € Rtleft)

ieD(T)
+ (4 = pn(0)? = (g — pn(t787))?) 1(xi € Ryrisne)
1

~ D] D (at) = () (245 = 1(t) = () 1(x; € Ryset)
ieD(T)
+ (1 (") = 10 (6)) (295 — pia(t) = pa(t#))1(%; € Rpsiane).  (8.14)
Since Y, pem yil(x; € ) = N, (£) 10, (£°1), we know Y, ppery (i — pn (87)) 1(x; € Rpert) =
0. Similar equations hold for the right child #8"  too. Then (8.14) reduces to

Iﬂ;ﬂl D () = () (i = (1)) 1(x; € Rper) (8.15)

ieD(T)
A (o (178 — 11, () (5 — 1 (8))1(X5 € Ryrisn) (8.16)
Because of the definitions of ju,, (%), u, (t#"), and p, (), we know

Na (8 1 (E) + N (875 11 (878 = Ny (8) 1 (). (8.17)
=0

That implies >, per) (pn (') = 110 (8))1(x; € Rpete) 4 (p1n (&™) — 12, (£))1(%; € Ryprieie )
Using this equation, (8.16) can be written as

1 e ri
] D () = i (£) i1 (xi € Ryser) + (i (8") = g1 ()91 (%; € Rians).  (8.18)
ieD(T)

In summary, we have shown that:

Na(t)
pm ()
1

D]

D (i (#) = ()il (x5 € Resere) + (pin (7€) = 1 ()95 1(; € Riyeae).
ieD(T)

Since the MDI of the feature % is the sum of %Az(t) across all inner nodes such that

v(t) = k, we have
> T AL = )
tel(T)

1 ri
- o] 2 () = ()i (i € Ry + (a7 = pin (1))l (s € Ry
tel(T)w(t)=k ieD(T)

71 ri
=ipm] 2 Y ) — ()10 € Ryen) + (i () = i (£)) 15 € Ry )| i
ieD(T)  tel(T)w(t)=k

1
:m Z fT,k:(Xi)yi-

ieD(T)
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That completes the proof. O

Although we have not seen this analytical expression in the prior works, we found that
the functions fr(-) have been studied from a quite different perspective. Those functions
were first proposed in Saabas [78] to interpret the RF predictions for each individual sample.
According to this paper, fr; can be viewed as the "contribution" made by the feature k
in the tree T'. For any tree, those functions fr; can be easily computed using the python
package treeinterpreter.

It can be shown that .., fri(x;) = 0. That implies W_lT)I Yiepm fre(Xi) - i is
essentially the sample covariance between frx(x;) and y; on the bootstrapped dataset D).
This indicates a potential drawback of MDI: RFs use the training data D) to construct the
functions fr(-), then MDI uses the same data to evaluate the covariance between y; and
frx(x;) in Equation (8.12).

Remark: So far we have only considered regression trees, and have defined the impurity
at a node t using the sample variance of responses. For classification trees, one may use
Gini index as the measure of impurity. We point out that these two definitions of impurity
are actually equivalent when we use a one-hot vector to represent the categorical response.
Therefore, our results are directly applicable to the classification case. Suppose that Y is a
categorical variable which can take D values ¢, ca,...,cp. Let pg = P(Y = ¢4). Then the
Gini index of ¥ is Gini(Y) = Y7, pa(1 — pa). We define the one-hot encoding of " as a
D-dimensional vector Y = (1(Y = ¢1),...,1(Y = ¢p)). Then

D D

Var(Y) = [[Y —EY | = ) (EY?— (EY;)*) = ) (EYi — (EY;)*) = ) pa(l —pa) = Gini(Y),

d=1 d=1 d=1
(8.19)
thereby showing that Gini index and variance are equivalent.

Evaluating MDI using out-of-bag samples

Proposition 8.2.1 suggests that we can calculate the covariance between y; and fr,(x;) in
Equation (8.12) using the out-of-bag samples D\D(T):

MDI-oob of feature k = |D\D Z fre(xi) - yi (8.20)
ZGD\D(T)

In other words, for each tree, we calculate the frx(x;) for all the OOB samples x; and then
compute MDI-oob using (8.20). Although out-of-bag samples have been used for other feature
importance measures such as MDA, to the best of the authors’ knowledge, there are few
results that use the out-of-bag samples to evaluate MDI feature importance. A naive way of
using the out-of-bag samples to evaluate MDI is to directly compute the impurity decrease at
each inner-node of a tree using OOB samples. However, this approach is not desirable since
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the impurity decrease at each node is still always positive unless the responses of all the OOB
samples falling into a node are constant. In this case, an argument similar to the proof of
Theorem 1 can show that the bias of directly computing impurity using OOB samples could
still be large for deep trees. The idea of MDI-oob depends heavily on the new analytical MDI
expression. Without the new expression, it is not clear how one can use out-of-bag samples
to get a better estimate of MDI. One highlight of the MDI-oob is its low computation cost.
The time complexity of evaluating MDI-oob for RFs is roughly the same as computing the
RF predictions for |[D\D®)| number of samples.

8.3 Simulation experiments

Simulated study on the effect of minimum leaf size and the tree depth

In this simulation, we investigate the empirical relationship between MDI importance and
the minimum leaf size. To mimic the major experiment setting in the paper [37], we generate
the data as follows. We sample n = 200 observations, each containing 5 features. The first
feature is generated from standard Gaussian distribution. The second feature is generated
from a Bernoulli distribution with p = 0.5. The third/fourth/fifth features have 4,/10/20
categories respectively with equal probability of taking any states. The response label y is
generated from a Bernoulli distribution such that P(y; = 1) = (1 4 242)/3. While keeping
the number of trees to be 300, we vary the minimum leaf size of RF from 1 to 50 and record
the MDI of every feature. The results are shown in Fig. 8.1. We can see from this figure
that the MDI of noisy features, namely X1, X3, X4 and X5, drops significantly when the
minimum leaf size increases from 1 to 50. This observation supports our theoretical result in
Theorem 8.1.1. Besides the minimum leaf size, we also investigate the relationship between
MDI and the tree depth. As tree depth increases, the minimum leaf size generally decreases
exponentially. Therefore, we expect the MDI of noisy features to become larger for increasing
tree depth. We vary the maximum depth from 1 to 20 and record the MDI of every feature.
The results shown in Fig. 8.2 are consistent with our expectation. MDI importance of noisy
features increase when the tree depth increases from 1 to 20. Fig. 8.3 shows the MDI-oob
measure and it indeed reduces the bias of MDI in this simulation.

Noisy feature identification using the simulated data

In this experiment, we evaluate different feature importance measures in terms of their abilities
to identify noisy features in a simulated data set. We compare our method with the following
methods: MDA, cforest in the R package party, SHAP[57], default feature importance (MDI)
in scikit-learn, the impurity corrected Gini importance in the R package ranger, UFI in
[103], and naive-oob, which refers to the naive method that evaluates impurity decrease at
each node using out-of-bag samples directly. To evaluate feature importance measures, we
generate the following simulated data. Inspired by the experiment settings in Strobl et al.
[37], our setting involves discrete features with different number of distinct values, which poses
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a critical challenge for MDI. The data has 1000 samples with 50 features. All features are
discrete, with the j*" feature containing j + 1 distinct values 0,1, ..., 5. We randomly select
a set S of 5 features from the first ten as relevant features. The remaining features are noisy
features. Choosing active features with fewer categories represents the most challenging case
for MDI. All samples are i.i.d. and all features are independent. We generate the outcomes
using the following rules:

e Classification: P(Y =1|X) = Logistic(% Zjes X;/i—1).
e Regression: Y = 1. < X;/j + € where € ~ N(0,100 - Var(£ > X;/7)).

Treating the noisy features as label 0 and the relevant features as label 1, we can evaluate a
feature importance measure in terms of its area under the receiver operating characteristic
curve (AUC). Note that when a feature importance measure gives low importance to relevant
features, its AUC score measure can be smaller than 0.5 or even 0. We grow 100 trees with
the minimum leaf size set to either 100 (shallow tree case) or 1 (deep tree case). The number
of candidate features my,, is set to be 10. We repeat the whole process 40 times and report
the average AUC scores for each method in Table 8.1. The boxplots For this simulated
setting, MDI-oob achieves the best AUC score under all cases.

Noisy feature identification using a genomic ChIP dataset

To evaluate our method MDI-oob in a more realistic setting, we consider a ChIP-chip
and ChIP-seq dataset measuring the enrichment of 80 biomolecules at 3912 regions of the
Drosophila genome |17, 58]. These data have previously been used in conjunction with
RF-based methods, namely Iterative Random Forest (iRF) [10], to predict functional labels
associated with genomic regions. They provide a realistic representation of many issues
encountered in practice, such as heterogeneity and dependencies among features, which make
it especially challenging for feature selection problems. To evaluate feature selection in the
ChIP data, we scale each feature X; to be between 0 and 1. Second, we randomly select a
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set S of 5 features as relevant features and include the rest as noisy features. We randomly
permute values of any noisy features to break their dependencies with relevant features. By
this means, we avoid the cases where RFs "think" some features are important not because
they themselves are important but because they are highly correlated with other relevant
features. Then we generate responses using the following rules:

e Classification: P(Y = 1|X) = Logistic(% Z]ES X;—1).

e Regression: Y = 1> < X, + ¢, where € ~ N(0,100 - Var(+ D ics Xj))-

j€s
All the other settings remain the same as the previous simulations. We report the average
AUC scores for each method in Table 8.1. The standard errors and the beeswarm plots of all
the methods are included in the 8.4. Naive-oob, namely, the method that directly computes
MDI using the out-of-bag samples is hardly any better than the original gini importance.
MDI-oob or UFI usually achieves the best AUC score in three out of four cases, except for
shallow regression trees, when all methods appear to be equally good with AUC scores close
to 1. Although UFI and MDI-oob use out-of-bag samples in different ways, their results
are generally comparable. We also note that increasing the minimum leaf size consistently
improves the AUC scores of all methods.

Another observation is that MDA behaves poorly in some simulations despite its use of a
validation set. This could be due to the low signal-to-noise ratio in the simulation setting.
After we train the RF model on the training set, we evaluated the model’s accuracy on a test
set. It turns out that the accuracy of the model is quite low. In that case, MDA struggles
because the accuracy difference between permuting a relevant feature and permuting a noisy
feature is small. We observe that the MDA gets better when we increase the signal-to-noise
ratio.

The computation time of different methods is hard to compare due to a few factors.
Because the packages including scikit-learn and ranger compute feature importance
when constructing the tree, it is hard to disentangle the time taken to construct the trees
and the time taken to get the feature importance. Furthermore, different packages are
implemented in different programming languages so it is not clear if the time difference is
because of the algorithm or because of the language. We implement MDI-oob in Python and
for our first simulated classification setting, MDI-oob takes ~ 3.8 seconds for each run. To
compare, scikit-learn which uses Cython (A C extension for Python) takes ~ 1.4 seconds
to construct the RFs for each run. Thus, MDI-oob runs in a reasonable time frame and we
expect it to be faster if it is implemented in C or C++.

8.4 Discussion and future directions
Mean Decrease Impurity (MDI) is widely used to assess feature importance and its bias

in feature selection is well known. Based on the original definition of MDI, we show that
its expected bias is upper bounded by an expression that is inversely proportional to the
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Table 8.1: Average AUC scores for noisy feature identification

Deep tree (min leaf size = 1) Shallow tree(min leaf size = 100)
Simulated ChIP Simulated ChIP
C R C R C R C R

MDI-oob 0.76 0.52 0.87 0.98 0.75 0.58 0.94 0.98

UFI 0.72 0.54 0.88 0.99 0.75 0.56 0.94 0.98

naive-oob 0.18 0.10 0.67 0.71 0.60 0.39 0.89 0.97
SHAP 0.55 033 0.82 0.96 0.68 046 091 0.97
ranger 0.56 0.50 0.73 0.97 055 049 0.76 0.99

MDA 049 051 054 097 0.50 0.58 0.50 0.99
cforest 0.65 0.50 0.79 0.93 0.70 0.49 090 0.98
MDI 0.12  0.09 0.60 0.71 0.63 040 0.88 0.97

"C" stands for classification, "R" stands for regression. The column maximum is bolded.

minimum leaf size under mild conditions, which means deep trees generally have a higher
feature selection bias than shallow trees. To reduce the bias, we derive a new analytical
expression for MDI and use the new expression to obtain MDI-oob. For the simulated data
and a genomic ChIP dataset, MDI-oob has exhibited the state-of-the-art feature selection
performance in terms of AUC scores.

Comparison to SHAP. SHAP originates from game theory and offers a novel perspective
to analyze the existing methods. While it is desirable to have ‘consistency, missingness and
local accuracy’, our analysis indicates that there are other theoretical properties that are also
worth taking into account. As shown in our simulation, the feature selection bias of SHAP
increases with the depth of the tree, and we believe SHAP can also use OOB samples to
improve feature selection performance.

Relationship to honest estimation. Honest estimation is an important technique built on
the core notion of sample splitting. It has been successfully used in causal inference and other
areas to mitigate the concern of over-fitting in complex learners due to usage of same data
in different stages of training. The proposed algorithm MDI-oob has important connections
with "honest sampling" or "honest estimation". For example, in Breiman’s 1984 book [13],
he proposed to use a separate validation set for pruning and uncertainty estimation. In [91],
each within-leaf prediction is estimated using a different sub-sample (such as OOB sample)
than the one used to decide split points. Theoretical results of these papers and Proposition
8.2.1 convey the same message, that finite sample bias is caused by using the same data for
growing trees and for estimation, and the bias can be reduced if we leverage OOB data. We
believe the theoretical contributions of those papers can also help us analyze the statistical
properties (such as variance) of the MDI-oob.

Future directions. Although the MDI-oob shows promising results for selecting relevant
features, it also raises many interesting questions to be considered in the future. First of all,
how can MDI-oob be extended to better accommodate correlated features? Going beyond
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feature selection, can importance measures also rank the relevant features in a reasonable
order? Finally, can we use the new analytical expression of MDI to give a tighter theoretical
bound for MDI’s feature selection bias? We are exploring these interesting questions in our
ongoing work.
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Figure 8.4: Beeswarm plots for different simulation settings described in Section 8.3. The left
figures show AUC scores for different feature importance measures for classification problems.
The right figure show AUC scores for different feature importance measures for regression
problems. Both simulated data and ChiP data are considered for shallow and deep trees. In
general, MDI-oob has highest average AUC across those settings.
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Figure 8.5: MDI against inverse min leaf size. This is coherent with our theoretical analysis
as MDI is proportional to the inverse of minimum leaf size.
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Chapter 9

Provable high-order interaction recovery

Theoretical results are relevant to practice if they inform and guide practice. They can not
possibly be relevant if the theoretical data generation models do not capture reality in any
domain area. One of the most common assumptions made in previous theoretical analyses of
RF is a Lipschitz condition on the underlying mean regression function, see e.g., [1 1, 94|, which,
to our best knowledge, has not been supported by empirical evidence in high-dimensions.
Moreover, many biological processes show thresholding or discontinuous interacting behavior
among biomolecules |98, 35|, which strongly violates the Lipschitz assumption. Motivated
by this scientific observation, we propose the Local-Spiky Sparse (LSS) model: an additive
Boolean interaction model with bounded noise.! LSS is inspired by genomics data problems
where RF have shown impressive prediction performance [10, 20, 92]. Since Boolean functions
are not continuous, the LSS model does not satisfy the Lipschitz assumption. However,
it not only makes the theoretical model more relevant for biologists, but also matches the
decision tree structure in RF analytically. Furthermore, the LSS model is able to capture
spatial inhomogeneity in addition to discontinuous thresholding behavior. We believe it is
suitable and useful as a new benchmark model under which to evaluate theoretically (and
computationally) interaction discovery performance of ML algorithms including RF. For
any tree ensembles, we define a new quantity called depth-weighted prevalence (DWP) on
decision paths of a set of features. We show that DWP of RF has a universal upper bound
that depends only on the size of the set. Furthermore, the upper bound is attained with high
probability as the sample size increases if and only if the signed features represent an union
of interactions in the LSS model. That implies that one can use RF to consistently recover
interaction components in the LSS model regardless of the model coefficients. Our theoretical
results show that feature subsampling of RF is essential to recover interactions. When too
few features are sampled at each node, the prevalence of true interactions can be too small;
When too many features are sampled, the prevalence of false interactions can be too high.
More precisely, our results indicate that one needs to sample a constant fraction of features
in order to learn higher-order interactions from tree paths. This also suggests that extremely

!The LSS model was first considered by authors of [10] (including one of us) and already used to evaluate
the performance of iRF/siRF in [15].
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randomized trees may not be ideal for interaction discovery as features used along the paths
are purely random.

9.1 Local-Spiky Sparse (LSS) model: Boolean
interactions

For an integer N € NV, let [N] := {1,2,...,N}. For a set S of finite elements, let |S| denote
its cardinality or the number of elements in S. For any event A, 1(A) denotes the indicator
function of A. We consider the following data generating model.

LSS model. Assume a data set D = {(X1,y1), ..., (Xn,Yn)} of n samples. x; = (zi1, ..., Tin)
€ R? and y; € R are i.i.d. samples from a distribution P(X,Y) such that for some fized
constants Cz > 0,C., € (0,0.5), and fived integer s € N,

1. (Uniformity) X is uniformly distributed on [0, 1]P;
2. (Bounded-response) Y is bounded, i.e. |Y| < 1;

3. (LSS-ezpectation) the regression function is

J
E(Y|X) =6+ > 8 [] 1(Xk Z ) (9.1)
Jj=1 k‘ESj
where Si,...,S; C [p] are disjoint sets called basic interactions, i.e.,

Sjl N Sj2 = (Z) fO’f’ all jl 7& jg,
szlSj have at most s features, i.e.

J

oISl < s

=1

coefficients [3; are bounded from below or min}-le |B;] > Cg > 0 and thresholds ~y; are
bounded away from 0 and 1, i.e., v; € (Cy,1 —=C,), for j=1,...,J and some C, > 0.

Here, ; in (9.1) means either < or >, potentially different for every k. This inequality
defines the sign of a feature in the interaction which will be defined more precisely in Definition
9.1.1. We associate < in (9.1) with a negative sign (—1) and > with a positive sign (+1),
such that a signed feature can be written as a tuple (k,by) € [p] x {—1,+1}. Also, although
we assume |Y'| < 1, the constant 1 does not matter here as we can scale Y by any constant
and the conclusions in our main Theorem 9.4.1 below will still hold.

Remark 1: Because RF remains invariant under any strictly monotone transform of an
individual feature, our results still hold when the uniform distribution assumption of X in the
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LSS model is relaxed to the assumption that individual features X, j € [p], are independent
with a distribution that has Lebesgue density.

Remark 2: The assumption in the LSS model that different interactions S;,,.S;, with
J1 # Jo are disjoint (see the (LSS-expectation) condition) is also probably not justified
in many real data applications. The general problem with overlapping interactions in
the LSS model is that such models can be non-identifiable, meaning that different forms
of (9.1) can imply the same regression function E(Y|X). For example, for the response
1(X; < 0.5,X, <0.5) +1(X; > 0.5, X5 > 0.5), by the definition of signed interactions in
Definition 9.1.1, it has two basic signed interactions {(1, —1), (2, —1)} and {(1,+1),(2,+1)}.
However, we can also write it as 1 — 1(X; < 0.5, X3 > 0.5) — 1(X; > 0.5, X5 < 0.5), which
has two different basic interactions {(1, —1),(2,+1)} and {(1,41),(2,—1)}. This means, a
set of features which is an interaction in one of the representations is not an interaction in
the other. Due to this identifiability problem, overlapping features can lead to both false
positives and false negatives in term of interaction recovery with RF. One may try to define
interaction more broadly to avoid this identifiability problem. For the previous example
1(X; < 0.5, X5 < 0.5)+1(X; > 0.5, X5 > 0.5), although the basic interactions are not unique,
they always constitutes of both X; and X,. Whether the coefficients {ﬁj}}]:o are allowed
to have different signs also affects the identifiability. The previous example is identifiable
if we only allow positive coefficients. For a particular application, one should investigate
identifiability further, but as this depends on the precise application, we leave this for future
work. Our work provides the pathway to analyze this in detail.

The LSS model is trying to capture interactive thresholding behavior which has been
observed for various biological processes [98, 26, 52, 42 51, 49]. For example, in gene
regulatory networks often a few different expression patterns are possible. Switching between
those patterns can be associated with individual components that interact via a threshold
effect [52, 12, 51]. Such a threshold behavior is also observed for other signal transduction
mechanisms in cells, e.g, protein kinase [26] and cell differentiation [98]. Another example
of a well studied threshold effect is gene expression regulation via small RNA (sRNA) [19].
Although for most biological processes the precise functional mechanisms between different
features and a response variable of interest are much more complicated than what the LSS
model can capture, theoretical investigations of a particular learning algorithm, such as RF,
are only feasible within a well defined and relatively simple mathematical model. Given the
empirically observed interactive threshold effects in many real biological systems, the LSS
model clearly provides an enrichment to the current state of affairs, since current theoretical
models do not capture the often observed interactive threshold behavior.

In the following we show that the RF algorithm can recover basic interactions Sy,...,S;
in the LSS model. Besides recovering S; C [p], RF can also recover the signs of each feature
ke U}’ZIS]- in the LSS model, which indicates whether the corresponding threshold behavior
in (9.1) is given by a <- or a >-inequality. Without loss of generality, in the rest of the thesis
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we assume that all inequalities are < in (9.1), that is,

J
E(Y[X) =0+ Zﬁj H (X < ). (9.2)

j=1 keS;

We stress, however, that all our results also hold for the general case (9.1). We call the unsigned
set of features Sy,...,S; C [p] the unsigned basic interactions of the LSS model and call the
signed set of features Sy, ..., 85 C [p] x {—1,+1} with S; = {(k,—1) : k € S;} the signed
basic interactions of the LSS model. As our theoretical results will show, RF does not just
recover the unsigned interactions S; C [p], but also signed interactions S; C [p] x {—1,+1}.
In other words, RF not only recover which features interact with each other in a LSS model,
but also recover whether a particular feature in an interaction has to be larger or smaller
than some threshold for this interaction to be active. Besides the signed and unsigned basic
interactions we also define a union signed interaction as the union of individual basic signed
interaction, as made more precise in the following definition.

Definition 9.1.1. In the LSS model with basic signed interactions Si,...,S; C [p] X
{—1,4+1} a (non-empty) set of signed features S* C [p] x {—1,+1} is called a union signed
interaction, if

st=1Js; U kb)) : bee{-1,+1}} (9.3)

JET  jEI.keS,
for some (possibly empty) set of indices T C {j € [J] : |S;| > 1}, I, Cc {5 € [J] : |S;] =1}.

For interactions with only one feature k, due to the sign ambiguity in the LLS model, i.e.,
1(X; <a)=1-1(X; > a), both, (k,—1) and (k,+1), will be counted as an interaction.

The theoretical results, that we present in Section 9.4 are asymptotic, in the sense that
they assume the sample size n to go to infinity. The number of signal features in the LSS
model is assumed to be bounded by s (independent of n and p). However, the overall
number of features p or the number of noisy features p — s can grow to infinity as n increases.
Mathematically, our theoretical results assume Al.

A1 (Sparsity). s = O(1) and % — 0.

This means that, in contrast to many theoretical works [22, 83, 94|, our results hold in a
high-dimensional setting, as long as the overall number of signal features s is bounded. See
also [11] for results that only depend on s and not p and thus, cover the high-dimensional
setting, too.

9.2 Technical assumptions and notations

RF is an ensemble of classification and regression trees, where each tree T defines a mapping
from the feature space to the response. Trees are constructed independently of one another
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on a bootstrapped or subsampled data set D) of the original data D. Any node ¢ in a tree
T represents a hyper-rectangle R; in the feature space. A split of the node ¢ is a pair (k;, v;)
which divides the hyper-rectangle R, into two hyper-rectangles Ry ;(ke, ) = Ry N 1( Xy, < %)
and Ry, (kt,v:) = Ry N 1(Xg, > 1), corresponding to the left child ¢; and right child ¢, of
node t, respectively. For a node t in a tree T, N,,(t) = [{i € D) : x; € R,}| denotes the
number of samples falling into R;.

Each tree T is grown using a recursive procedure which proceeds in two steps for each
node t. First, a subset M,,, C [p] of features is chosen uniformly at random. The size of
M,y is myyy. Then the optimal split £, € My,y,v: € R is determined by maximizing impurity
decrease defined in (9.4):

No(t))

In(tl> -

In(tr) (9.4)

where ¢;(,.) is the left(right) child of ¢ and [,,(¢) is an impurity measure. Here, I,,(t) is defined
as the variance of the response y;’s for all the samples in the region R;. The procedure
terminates at a node ¢ if two children contain too few samples, e.g., min{N,(#;), N,,(t,)} <1
, or if all responses are identical. For any tree 7" and any leaf node tieor € T, denote p(tiear) to
be a path to that leaf node and D(p(tiat)) to be its depth. For any hyper-rectangle R:, u(R:)
denotes its volume. We have the following assumptions on RF:

A2 (increasing depth). The minimum depth of any path in any tree goes to infinity, i.e.,
. . P
ming ming,,, .er D(tiear) = 00 as n — 00.

A3 (balanced split). Fach split (ki, ;) is balanced: for any node t,

min (M(Rt,l(kn%)) M(Rt,r(kta%))) - Cy
(R (ke ve)) (R (e, 7)) 1-C)

A4 (myy). Cop+ (1 —Ch)s < myy < (1= Cy)(p — 5) where Cyy, € (0,1) is a constant.

A5 (No bootstrap). All the trees in RF' are grown on the whole data set without bootstrapping,
i.e. DO =D for any T.

A2 ensures that the length of any decision path in any tree tends to infinity. This
assumption is reasonable as tree depths in RF is usually of order O(logn) which tends to
infinity as n — oo. A3 ensures that each node split is balanced. Similar conditions are used
commonly in other papers [94]. A4 shows the important role of the parameter my,,. Roughly
speaking, my,y, cannot be too small or too big. When my,, is too small, there will be too many
splits on irrelevant features which makes the tree noisy. When my,, is too big, there will be
too little variability in the tree structure. This motivation will be made rigorous in the proof.
A5 is a technical assumption to simplify our analysis. Since we study the asymptotic case,
bootstrap has little impact on the tree structure, which means it will not affect our result.
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9.3 Depth weighted prevalence (DWP)

Given a tree T in RF, we can randomly select a path P of T" as follows: we start at the
root node of T and then, at every node, randomly go left or right until we reach a leaf
node. This is equivalent to selecting a path in T' of depth D with probability 2. As
such, any path P in a decision tree can be associated with a sequence of signed features
(k1,bky)s -y (Epybry) € [p] x {—1,41}, where D is the depth of the path and for any node
t = [D] on the path the sign by, indicates whether the path at node ¢ followed the < direction
(bx, = —1) or the > direction (by, = +1) for the split on feature k; € [p]. For the randomly
selected path P and any fixed constant € > 0, we now define .7:}(73, D) to be the set of signed
features on P where the corresponding node in the RF had an impurity decrease of at least e,
that is,

A

Fo(P,D) :={(kt,by,) | tisanode of P with A}(t) > € and
k; appears first time on P}. (9.5)

We use F, as a shorthand for F,(P, D) when the path P and the data D of interest are clear.
Note that if a feature appears more than once on the path P, its sign in .7:'6(73) is the sign when
the feature appears the first time with the impurity decrease above the threshold. Our main
theorems will be stated in terms of the prevalence of signed feature set S* C [p] x {—1,+1}
on the random path P within F,.(P), where P is a random path. To formally define the
prevalence of S*, we first need to identify the sources of randomness underlying the random
path P. There are three layers of randomness involved:

(D: Data randomness) the randomness involved in the data generation;

(T: Tree randomness) the randomness involved in growing an individual tree with
parameter My, given data D;

(P: Path randomness) the randomness involved in selecting a random path P of depth
d with probability 27¢, given the tree T

In our following definition of the prevalence of signed feature sets, the probability is
conditioned on the data D, and taken only over the randomness of the tree T and the
randomness of selecting one of its path as in P.

Definition 9.3.1. (Depth-Weighted Prevalence (DWP)) For any signed feature set S* C
[p] x {—1,+1}, conditioned on data D, we define the Depth-Weighted Prevalence (DWP) of
S* as the probability that ST appears on the random path P within the set F., that is,

DWP(S%) =Pp.1)(S* C F.(P) | D). (9.6)

While we only have a fixed sample size which means the data randomness is inevitable,
the tree randomness and path randomness are generated by the algorithm and thus can be
eliminated by sampling as many trees and paths as we like. Because the depth-weighted
prevalence in (9.6) is only conditioned on the data, for any given ¢ > 0 and set of signed
features S*, it can be computed with arbitrary precision.
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P.(root=X1|D) P.(root=X2|D)
X1 yes X2<05 no

=

Figure 9.1: Illustration of RF trained using data from (9.7)

9.4 Main results

Before we state our main results in full detail, we want to illustrate it with a simple example.
Illustrative example: Assume that p = 2 and there are just two features X; and Xs.
Assume there is a single interaction J = 1 and the regression function is (9.7).

E(Y|X1,X2) = 1(X; < 05)-1(X5 < 0.5). (9.7)

The response surface of (9.7) is shown in Figure 9.1 in the top middle plot. We consider
the population case, where we have full access to the joint distribution P(X,Y’), that is, we
have access to an unlimited amount of data (n = oco). When we apply the RF algorithm
as in Section 9.2, then for each individual tree in the forest the root node either splits on
feature X or on feature X,. Since X; and X5 are completely symmetric in the distribution
P(X,Y), thus, if the RF algorithm grows infinitely many trees, half of them will split on X}
at the root node and half of them split on X5 at the root node. Furthermore, as the split
threshold for every node in the tree maximizes impurity decrease, the split will be at 0.5
for any feature. This is illustrated in Figure 9.1, where the left bottom figure shows a tree
which splits on feature X; at the root node and the right bottom figure shows a tree which
splits on feature X5 at the root node. As each tree in RF grows to purity, when the root
node splits at feature X7, then for the path of the tree which follows the (1,+1) direction,
the tree will stop growing, as the respective response surface is already constant. However,
for the path of the tree which follows the (1, —1) direction, the tree will further split on the
remaining feature X,. Thus, we conclude that the forest consists of exactly the two different
trees shown in Figure 9.1, each appearing equally often. For each node ¢ in these trees, the
impurity decrease A} (t) > 1/16. Thus, for any € < 1/16, we can write the DWP of the basic
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signed interaction S~ = {(1,-1),(2,—1)}:
DWP(S™) =
Pr(T’s root splits on feature 1) -2 2+
=0.5
Pr(T’s root splits on feature 2)-272 =272 = 271971,

-
=0.5

In Figure 9.1 the paths which contain the basic signed interaction S~ = {(1, —1), (2, —1)} are
marked red. For all the other sets of signed features S* C [p] x {—1,+1}, it can be shown
that

DWP(5*) < 271571
For example,
DWP({(1,-1),(2,+1)}) =27 < 27*
and
DWP({(1,-1)}) =277 +27% <27,

As we will formally state in the theorem below, the same reasoning holds true asymptotically
for any RF trained on the data from the LSS model, namely, the DWP of a set of signed
features ST C [p] x {—1,+1} is always upper bounded by 2-15%1 and this upper bound is
attained if and only if S* is a union signed interaction.

Theorem 9.4.1. For any impurity threshold ¢ > 0, let
c— (46/(0203571))055/10g(1/Cw) .

For any set of signed features ST C [p] x {—1,+1}, conditioned on some input data D for
the RF algorithm from Section 9.2, it holds true that

1. (General upper bound)
DWP(5%) < 27151,

2. (Interaction lower bound) When ST is a union interaction as in Definition 9.1.1, then,
DWP(5%) > 27151 — g — (D, ),

3. (Non-interaction upper bound) when S* is not a union interaction as in Definition
9.1.1, then, N
DWP(5%) < 0.5571(1 = 0.5 C%) + ,(D, ).

Under the LSS model, for every fixed ¢ > 0 it holds that
(D) B0 asn — oo,

where % denotes convergence in probability.
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Proof Sketch: The detailed proof of Theorem 9.4.1 has two major parts: first, showing
the assertion for the idealized population case and second, extending the population case
to the finite sample case. The major difficulty of the first step is to define an adequate
population version of the set F.. To this end, in the proof in the SI we define a set F, which
we denote desirable features, which correspond to all features of a path P which would result
in a decrease in impurity if the RF would get to see the full distribution P(X,Y") (not just
a finite sample D) and thus, would split at the exact thresholds v. The set of desirable
features, F, is an oracle, in the sense that its construction depends on the true underlying
LSS model. This is in contrast to the set F., which can be computed for any given RF.
Given this definition of desirable features, a sketch of the proof of the major assertions of
Theorem 9.4.1 is as follow: When a set of signed features S* appears on F, this implies that
every time a features (k,b,) € ST appeared on the way from the root node to the leaf, the
correct splitting direction was selected for P, which gives rise to the general upper bound of
DWP(5%) < 2715%1 If $* is a union interaction, then (assuming all paths of the tree are
pure) a correct splitting direction for each of its features already implies that S* appears on
P and thus, DWP(S*) = 27I5%I. If S* is not a union interaction, then there will always be
the possibility that, although every split for an encountered feature which is an element of
S* was done in the correct direction, some of the features in S* were just never encountered
and therefore, a correct splitting direction does not imply that S* appears on P, hence
DWP(S5%) < 2-15*1. In the second step of the proof, we show that the observed set F, and
the oracle set F are the same with high probability. In order to prove that, we need to show
the trees grown using finite samples are close to the trees grown using the population in
terms of the splitting features and thresholds as long as the feature is desirable. The the
tricky part is that a tree grown using finite samples can deviate from a tree grown using the
population when a node splits on noisy features. Thus, we need to carefully analyze these
two cases separately. This part of the proof mainly rely on uniform convergence results.

Remark 3: This theorem relies on the assumption that Y is bounded. If we assume
a slightly stronger assumption on p and n than Al: (logn)'*logp/n — 0 for some § > 0,
then the conclusions still hold when the noise Z :=Y — E(Y|X) is independent of X and
1-subgaussian, that is,

E(exp(tZ)) < exp(t?/2) for all t € R.

See Proposition B.2.2 in the appendix for more detail.

Remark 4: Our theory shows that recovery of interactions becomes exponentially more
difficult as size of interaction increases — therefore one should only aim to recover small to
moderately sized interactions. An interaction of size s correspond to an region of size O(27%),
which means the sample size must be much larger than 2° to have enough sample in that
region. Also, the DWP of a basic interaction of size s is 27°. To have a consistent estimate,
the number of independent paths should be much larger than 2°. Thus, when one wants to
recover an interaction of size s, the number of samples and the number of trees must be much
larger than 2°. That shows the intrinsic difficulty of estimating high order interactions.

Recall that the parameter € in Theorem 9.4.1 can, in principle, be chosen arbitrarily small,
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and thus, € in Theorem 9.4.1 can be made arbitrarily small. Hence, up to an arbitrarily high
precision, Theorem 9.4.1 implies that asymptotically union interactions are exactly those set
of signed features S* whose DWP, i.e., DWP(S%), attains the upper bound 27151, Recall
that the DWP is computable from data. Hence, if one had access to (upper bounds for) the
constants C, C,, and s (recall that C,, is known, as my,,, is known), one could select e small
enough such that
€ < (Cn/2)°.

Then, if follows from Theorem 9.4.1, that the algorithm which classifies S* as a union
interaction if and only if DWP(S*) > 2715%I — (€, /2)* is consistent (i.e., classifies correctly
as n — oo) under the LSS model. This shows that the RF algorithm via its DWP consistently
recovers union interactions, whenever € is chosen sufficiently small.

Note that any algorithm which can consistently recover union signed interactions, can
also consistently recover the signed basic interactions of the LSS model, as those are just the
smallest unites within the set of all union interactions. The only exception is for a signed
basic interaction of size one, for which the sign is not identifiable from the LSS model.

Remark 5: One important assumption in our theorem is the sparsity of signal features.
If there are many "weak" signal features, it is very hard for RF to work well. For RF, at
each node of a tree, only one feature is used. That means the total number of features used
along each path is limited by the depth of the tree, which is usually of order O(logn). For
our assertions of Theorem 9.4.1 the hard threshold € in the set F. has the purpose to select
the signal features. Clearly, the choice of an appropriate value of € is hard in practice, as
an optimal choice depends on the LSS model (recall the previous paragraph). The iterative
random forest fitting procedure in iRF [10] (which uses joint prevalence on decision paths
in RF to recover interactions, similar as suggested by Theorem 9.4.1) filters noisy features
not with a hard, but with a soft thresholding procedure: it grows several RF iteratively
and samples features at each node according to their feature importance from the previous
iteration. In that way, one does not need to chose a single hard threshold. We follow this
strategy for our simulation results.

One of the remarkable aspects of the results in Theorem 9.4.1 is that the DWP of a signed
interaction is asymptotically independent of any model coefficients. That is, it only depends
on its size |S*| and nothing else. In a sense, this shows that the tree structure of RF contains
the qualitative information of which features interact with each other, independently of the
quantitative information about what are the precise parameters in the LSS model.

Another interesting aspect about the results from Theorem 9.4.1 is that it sheds some
light on the influence of my,, on the the interaction recovery performance of RF. For the
third assertion in Theorem 9.4.1 we actually show that DWP(S%) < 7, (D, ¢)+

0.5/ (1 — 0.5 min P(root node splits on feature k)) .

kEUij
When my,, is too large,

min P(root node splits on feature k)
kEUij
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can get very small, as particularly strong features (large initial impurity decrease) can mask
weaker features. As an extreme example, consider the situation where my,, = p and thus, the
root node gets to see all the features. In that case, the single feature which has the highest
impurity decrease, say X, will always appear at the root node and hence, for S* = {(1,—1)}
or S* = {(1,41)} one will get DWP(5%) = 27151 = 0.5, independent of whether S* is an
interaction or not. This shows that when my,, is too large, false interactions” DWP can
attain the universal upper bound 2*‘Si|, which leads to false positives in terms of interaction
recovery. On the other hand, when my,, is too small, for a signal feature k € U,5; it can
take a long time until it gets selected into the candidate feature set at a node. In particular,
for finite sample, it can happen that the tree reaches purity due to lack of samples without
having split on any of the signal features. Hence, the reasoning of Theorem (9.4.1), namely
that correct split direction 4+ pure path implies that a union interaction appears on the path
does not hold anymore. This can lead to union interactions having significantly smaller DWP
than the universal upper bound 2_‘Si|, i.e., false negatives in terms of interaction recovery.
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Chapter 10

LSSrank and simulation results

10.1 LSSrank: a theoretically inspired ranking criterion
for boolean interactions

To conduct follow-up experiments, biologists need to know which interactions are most
promising candidates to follow up on in experiments, e.g., they want to know what are the
three most promising candidates and in which order. In the following, we build on the results
from Theorem 9.4.1 to propose a ranking criterion for candidate interactions: Under the LSS
model, for large sample size (n — 00) and e sufficiently small, our theoretical results from
Section 9.4 show that for any set of signed features S* C [p] x {—1,+1} of size |S*| with RF
depth weighted prevalence DWP(S¥), it holds true that

log, (DWP(S+)) _

S* is a union interaction <= —1,
|5+
log, (DWP(S*
S* is not a union interaction <= gal |Si|( ) 1.
Thus, for given sets of signed candidate interactions Sf[, e ,S]“\—}, our theoretically inspired

LSSrank criterion ranks the candidates in a decreasing order based on

p(S:i:) — 10g2<D‘\$i]~:’)(S ))’

that is, the interaction S* with largest p(S*) comes first in the ranking.

Remark 6: Recall that our main Theorem 9.4.1 only holds for the asymptotic case
(n — 00). As we noted in Remark 4, the number of samples needed to observe an interaction
of order s must grow exponentially with s. Moreover, as the DWP is upper bounded by
2718 is also follows that the number of paths (and trees) that need to be generated in order
calculate DWP with a sufficient precision also has to grow exponentially with s. Therefore,
we stress that applying LSSrank is only reasonable for interactions of moderate size.
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Illustrative example, Here we illustrate the idea of LSSrank via a simple example:
Y =1(X; <05, X, <0.5)+1(X;3 <0.5, Xy <0.5). We simulate 5000 samples. Then we use
RF with 200 trees. Here is the p-value for a few signed interactions: p({(1,—1),(2,—1)}) = —1,
p<{(17 +1>7 (27 _1>}) = —L3, p({(37 _1)}) = —1.27, :0<{(17 _1)7 (27 _1)7 (37 _1)}) =—11 As
can be seen, the basic interaction has the highest value.

There are many ways to obtain a list of candidate interactions from data. The
naive way is via brute force: computing all combinations of features. However, this is
not computationally feasible for a moderate number of features. Since we only care for the
interactions with high prevalence, we can use the FP-growth algorithm or Random Interaction
Trees (RIT) to obtain the interactions with prevalence higher than some threshold. While RIT
computes the candidate interactions faster, it is a probabilistic algorithm so some candidate
interactions with high prevalence might be missing. Thus, here we use FP-growth, which
runs in reasonable time and gives more robust results than RIT.

10.2 Simulated data from LSS models

We first simulate the data from an LSS model with different number of basic interactions and
interaction orders. Set p = 50 and n = 1,000. Each feature X is generated from an uniform
distribution U([0, 1]), independent from one another. The number of basic interactions is
denoted as K; the order of each interaction by L; we consider the same threshold 7 for all
features; and additive Gaussian noise with variance o2, then the response is:

Y:Z | 1(X, < 7)+N(0,0%).

k=1 ¢=(k—1)-L+1

~—

We consider a variety of values for K, L and o2, namely, K = 2,...,5, L = 2,...,4, and
o?s such that the signal-to-noise ratios (SNR) is given by 1,20, 50 or 100. For a given K
and L, the threshold 7 is chosen such that about 50 percent of samples fall into the union
of hyper-rectangles, that is, UX ﬂlg':’:(kfl), 41 1Xe < 7}. This criterion roughly ensures that
the information about the basic interactions in X is comparable across different number of
interactions and interaction orders. The results are averaged across 40 independent Monte
Carlo runs. In order to apply LSSrank, we first need to grow a RF. Recall that our results
also assume an MDI threshold for the individual nodes of the tree. Here, we follow a soft
thresholdind strategy via iRF to implement this. We use 10 iterations and each time grow 300
trees. Given a basic interaction S* C [p] and an estimated interaction S C [p], we evaluate
their proximity based on their Jaccard distance:

. 5*nS
score(S*, 5) = Q
|S* US|
Given the K true basic interactions 57, ..., Sj from the respective LSS model and the top

M interactions from the estimated LSSrank ranking 57, ..., Sy, we define their proximity
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score to be

score({ S5}y, {Si}iL,) = e Z:nl['lizélxscore(Sik Si). (10.1)
In other words, for each basic interaction S7, we find the estimated interaction that has the
highest proximity, and then compute the average scores across all S7. Note that this score
will increase monotonically as M increases. We also note that, although our LSSrank score is
based on signed features, our evaluation criterion is based on the respective unsigned features.
We choose not to use the signed features because in certain simulations, one feature have
different signs in different basic interactions, which makes the meaning of the sign of a feature
ambiguous. The simulation results are shown in Fig. 10.1. For example, the plot in the 1st
row, 1st column shows that LSSrank’s top interaction (M = 1) corresponds to the basic
interaction in all Monte Carlo runs and among all the considered SNRs (proximity score = 1).
Similar, the plot in the 2nd row, 2nd column shows that the top two interactions (M = 2)
correspond to the two basic interactions in all the Monte Carlo runs when SNR = 100.
However, for weaker signals with SIVR = 1 the proximity score is only around 0.75 and thus,
in some situations the top two interactions do not coincide with the two basic interactions.
In general, the performance gradually degrades when the number of basic interactions and
the order of interactions increases. Note that this is consistent with our theoretical results,
where constants in the o(1) terms depend on K and L, see Theorem 9.4.1. We also note that,
when SNR is higher than 10, the scores do not change much, which indicates that LSSrank is
robust to highly noisy responses.

10.3 Robustness to LSS model violations:

We investigate the stability of results of our method when the model assumptions are not
met. We consider two different settings, both with n = 1000 and p = 50. First, we consider
SN R = 50, with 3 order-3 interactions, analog as in Figure 10.1, 3rd row, 2nd column, green
line. Second, we consider SN R = 100, with 2 order-3 interactions, analog as in Figure 10.1,
2nd row, 2nd column, red line. We consider a variety of perturbations:

e Overlapping interactions: different basic interactions have overlapping features.
When overlap = k, the basic interactions are ((1,—1),(2,—-1),(3,-1)), ((4 — k,—1),
(5—k,—1), (6 —k,—1)),and ((7 — 2k, —1), (8 = 2k, —1), (9 — 2k, —1)) when K = L =
3 and ((1,-1), (2,-1), (3,-1)), (4 —k,—-1), (5—Fk,—1), (6 —k,—1)) when K =2
and L = 3.

e Correlated features: different features are correlated instead of independent. When
corr = «, the correlation between feature j; and j, is a1 =72

e Heavy-tail noise: the noise follow Laplace or Cauchy distributions which has heavier
tails than (sub-)Gaussian distributions.
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Results are shown in Figure 10.2. For heavy tail noise (see bottom plot) we observe almost
no drop in performance compared to Figure 10.1. For the correlated case, one can see a
significant drop in performance, which matches well to our findings for the real data example
(see next section). Two (false) interaction that often appears on top of LSSrank’s list for the
correlated case, are the order-one interaction {(2,+1)}and {(2, —1)}. This may be explained
by the fact that the X, feature is strongly correlated with both, the X; and the X3 feature.
Thus, the signed interaction {(1,—1),(2,—1), (3, —1)} partially merges into the order-one
signed interaction {(2, —1)}). For the overlapping case, the situation is more complex. When
K =2 and L = 3, one observes a slight drop in performance. However, when K = L = 3 the
performance even improves in the overlapping case. This can be explained by to competing
effects: One the one hand, for the overlapping case the overall number of signal features
decreases, which generally leads to an increase in performance. On the other hand, the model
violations in the overlapping case can lead to a decrease in performance.!

10.4 Real-data inspired simulations

We reconsider the enhancer data set that was already analyzed in [15, 10]. Following the
general setup as in [15], from the corresponding feature matrix we simulate binary responses
as follows:

e Single-component AND rule (AND)

P(Y = 1|X) = 02
0.8- ]‘Xl2q1,1—a7X22q2,1—a7X32q3,1—a7X42q4,1—o¢'
e Multi-component AND rule (OR)
P(Y = 1|X) =
0.8- [1X1Sth,a,X2S(I2,a,X3ZQ3,1704,X4ZQ4,1704 (103>
or 1X1Zq1,17a,XzZQ1,17Q,X3SQ1,mX4SQ1,a]'
e Additive AND rule (ADD)
P(Y = 1|X) =
0.4- [1X1Zq1,17mX2ZQ2,17Q,X32Q3,17¢1 (104)

+ 1X4Zq4,170¢7X5Zq5,17a,X6ZQ6,17a] .

"When K = 2 and L = 3, one false interaction which often appears on top of LSSrank’s list is the order-1
interaction {(2,+1)} (and {(2, —1)}, respectively). Partly, this can explained by the soft dimension reduction
of iRF, where in the last iteration effectively only a few features remain. When my,, is larger than the total
number of effective features, then the single overlapping feature X5, which has strictly higher MDI than
non-overlapping features, will consistently be split on at the root node and thus, appears on top of LSSrank,
as it will have DWP = 0.5.
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where o = 0.1%/* and Gi.o Tefers to the left a-quantile of ¢-th feature. The choice of « is to

mimic the class imbalance as in the original enhancer response. Thereby, in each Monte Carlo
run the respective signal features Xi, ..., X4 were chosen uniformly at random and responses
Y; for different observations i € [n] are independent conditioned on X. The results are shown
in Figure 10.3 (blue line):

e (AND rule) First, consider the AND rule in (10.2), see left plot in Figure 10.3. One
can check that here the SNR is roughly given by 1, so we can compare this with the 1st
row, 1st column of Figure 10.1. We observe quite some significant drop in performance,
although results are still much better than random guess.

e (ADD rule) Similar, for the ADD rule in (10.4), see right plot in Figure 10.3, we can
compare with the 2nd row, 2nd column of Figure 10.1, where also a significant drop in
performance is observed.

e (OR rule) The highest proximity score is observed for the OR rule in (10.3), see middle
plot in Figure 10.3. This setting cannot directly be compared with Figure 10.1. One
reason for the particularly high proximity score of the OR rule is it has effectively two
different signed interactions which coincide as un-signed interactions. As the proximity
score in (10.1) does not take the sign of the features into account, this results in a
particularly high proximity score.

In order to better understand this drop in performance for the real data, we investigate two
different sources of LSS model violations:

e (Correlation of enhancer features) The different features in the enhancer data set or
quite strongly correlated, see Figure 10.4. In order to investigate the effect of this, we
re-run the simulations, but with each of the features randomly permuted across samples.
Results are shown in Figure 10.3 (orange line). As can be seen, the results slightly
improve, although not much. Thus, we conclude that correlation is some, but not the
major reason for the drop in performance.

e (Marginal feature distribution) We notes that a lot of features in the enhance data
set have marginal distribution with a heavy point mass on zero (see, for example, the
histogram of the Kr feature in Fig. 10.5). In order to investigate this effect, we further
re-scaled the marginal distribution of each feature, such that it follows a Gaussian
distribution, without any point-masses. Results are shown in Figure 10.3 (green line).
As can be seen, removing the point mass on zero results in an almost perfect proximity
score for LSSrank for all three models.

We conclude that performance of the LSSrank ranking criterion can be impeded in real data
due to violations of the LSS model assumptions. For this particular enhancer data set, we
found that the major source for decrease in performance seems to come from the marginal
feature distributions which often has heavy point mass at zero.
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10.5 Enhancer data

We used LSSrank to select the interactions for the real enhancer data and the results are
similar to that of the original iRF paper. See Table 10.1 for a comparison between results
from LSSrank and the results from original iRF [10]. The top-2 interactions of LLSrank and
iRF are the same. Also, the top 20 interactions selected via LSSrank contains all the order-3
interactions and most order-2 interactions discovered by iRF.

Table 10.1: The top 20 interactions found by LSSrank and iRF. order-1 and order-2 interactions
that are contained in any higher-order interactions are removed following similar treatments
in Basu et al. [10]. An interaction is marked as blue if it appeared in both columns. An
interaction is marked as orange if it strictly contains or is contained in an interaction in the
other column. LSSrank discovered all the order-3 interactions that are discovered by iRF.

Top 20 interactions via LSSrank Top 20 interactions via iRF

Gt_Kr_ Twi
Zld Gt Twi
Gt Med Twi
Zld Gt _Kr
Zld Gt _Kr Twi
H3k18ac Gt Twi
Z1d Kr Twi
Gt _Kr Med2 Twi
H3k18ac Gt Kr Twi
Gt_Hb_ Twi

-t Hb Kr
H3k4me3 Gt Twi
Gt_Kr Med
Bed Gt Twi
H3k18ac Gt Kr
H3k9ac Gt Twi
H3k36me3 Gt Twi
H3k27ac Gt Twi
Kr Med Twi
H3k4mel Gt Twi

Zld Gt Twi
Gt Kr Twi
Gt Med

Gt _Hb

H3K36me3 Gt Twi
Bed Gt

Bed Twi
Med Twi
H3 Gt

H3K27me3 Gt
H3K27me3 Twi
Hb Kr
H3K36me3 Zld
H3K4me3 Gt Twi

H3K4me3 Kr
Zld Gt _Kr
Hb Twi
H3K18ac Kr
Kr Med
H3K9ac Kr
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Figure 10.1: Simulation results for different number of basic interactions (#interactions),
interaction-orders, and SNRs. The y-axis shows the proximity score in (10.1) against different
values of M on the x-axis.
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Figure 10.2: Simulation results under LSS model violations: overlapping features (top);
correlated features (middle); heavy tailed noise (bottom), see details in the text. Left panel

for K = L = 3 and right panel for K =2, L = 3.
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Figure 10.3: Proximity score as in (10.1) plotted against number M of top-M interactions
according to LSSrank ranking. Features matrix was taken as in enhancer data from [15] with
response as in (AND), (OR), (ADD), see equations (10.2), (10.3), (10.4). "standard" (blue)
refers to the case when we use the original feature values of enhancer; "permuted" (orange)
refers to the case when we permute each column of the original feature values; "gaussian"
(green) refers to the case when features are regenerated via standard Gaussian.
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Chapter 11

Discussion and future work

11.1 Discussion

It is important to study a model that is well scientifically motivated. LSS models provides
such a family of models that better reflect certain biological data structures. Also, analyzing
ML algorithms under different models can give insights into their empirical adaptivity.
Our results are the first to give a theoretical analysis that DWP of an interaction in RF
recovers higher order interactions via its decision paths under the LSS model. Moreover, the
universality of interaction’s DWP in LSS models, gives insights into the general difference
between quantitative (e.g. prediction accuracy) and qualitative (e.g. interaction recovery)
information extraction. In scientific problems often the latter is of higher interest. Thus, this
work narrows the gap between theory and practice and is therefore of general interest to the
community.

Our theoretical analysis also gives some insights of RF for practical improvements: In
particular, an optimal choice of myy, can be extracted from our upper bound, namely,
Miry = (p —2)/(2 — s/p). For p > s this recovers one of the default choices in standard
RF implementations, namely, my,, ~ p/2, which suggests that with the presence of many
noisy features, my,,/p should be relatively large. Moreover, our results on impurity decrease
thresholding for the set ]—A}, give theoretical indication why iterative re-weighting in iRF is
helpful (see Remark 5).

11.2 Future work

There are a few future works that we plan to do. First, LSSrank gives a possible way
to use prevalence to rank interactions. One question is that whether LSSrank can help
empirically when incorporated into the current iRF pipeline. Second, for LSSrank it would
be helpful to develop algorithms (e.g., similar to FP-growth) that can filter interactions by
prevalence depending on the size of the interaction. Third, we would like to extend to more



CHAPTER 11. DISCUSSION AND FUTURE WORK 80

general interactions models beyond boolean interactions. Finally, it is interesting to study
higher-structure recovery for other ML algorithms, e.g., DNN.
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Appendix A
Proofs of Part 1

A.1 Proof of Proposition 3.2.1

Proof. To prove both models satisfy Assumption I, we just need to prove |||-||[, is lower
bounded by |||-|||> in the linear subspace H* = {A € RF*X| A, = OV k}. If we can prove
I/ll,, is & norm on H¥, then we know it is equivalent to the Frobenious norm since H¥ is a
finite dimensional space.

In order to show that [[|-|||,, is a norm, we need to prove three properties:

e Sub-additivity: for any A, B € H*, ||A+ B, < Al + I B]ll-
e Absolutely homogeneity: for any A € HX and A > 0, || ]|, = AllAll,,-
e Positive definiteness: If |||A]||, = 0 and A € H*, we know A = 0.

The first two properties are quite straightforward so we leave the details to readers. Here we
focus on proving the third property. Note that |||A]||, is a sum of K non-negative terms, if
I|Alll, = 0, then for any k € {1,..., K}, each term should be zero, i.e. E|>_; Ay jou;|1(ay =
0) = 0. If e is from Bernoulli-type models B(py, ..., px; f), then we could further decompose
E| >, Arjoy|1(ey, = 0) = 0 into:

E‘ ZAk,jaj’]-(ak = O) =0 P(T]k = O)]E| ZAk’jnjzj‘ =0 ]E| ZAk,jozﬂ =0.

J J J

The second “&" is because P(n, = 0) =1 —p; > 0 and Agy = 0. Since E[ ), Ay jn;z;| =

0>P(m=...=nx =1E|>_; A z| > 0 for p1,...,px # 0, we know E| . Ay ;2;] = 0.
Define X = } . Ay ;2;, since E|X| = 0, we know X = 0 almost surely. If A; are not all
zeros, this means 21, ..., zx are linearly dependent. In other words, z lies in a linear subspace

of RX almost surely. However, that contradicts the fact that z has a density probability
function in RX. So A must be zero. That completes the proof for Bernoulli-type models. For
exact sparse models, the approach is essentially the same.
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Now for sparse Gaussian and Bernoulli Gaussian distributions, we can obtained the
constant c,. We first derive the constant for the sparse Gaussian distribution. For X € HX,

2 o~ (K7
il =23 () >
Sc{lL,...K} \ jes

1111

k§ZS|S| s
S(K—s) f )
K(K Z ZXk,j
Sc{1,..,K} jES
keS| S|=s
s(K — s)
L b > —
(Lemma 6.5 in | ])_K(K—l 722
s(K — s) \/5
> >——— [ —|[|X]||
(el > lelle) > 52—/ 211Xl

Here, we need to use Lemma 6.5 in [100]. For the completeness of this thesis, we rewrite the
lemma below:

Lemma 6.5 in [100] Let 2 € RE~! then for 1 <l <m < K —1,

K—-2\" K—-2\""
2 2
(YD ) SEEY (i) D SN ) o
Sc{1,..,.K-1} \| jeS Sc{1,..K-1} || jeS
=l S|l=m

Then the first inequality holds by setting [ = s and m = K — 1. In summary, we have shown

that for X € HX, || x| > ;((g{ 51))\/g|||X|||F, which means c,, is at least ;(g(__sl)) \/g

Now, we will compute the constant ¢, for Bernoulli Gaussian distribution. For X € H¥,
if we define § = [(K —2)p+ 1],

9 K K-1
RURENES 35 DD DEE IR LN ) 38
k=1 s=0 Sc{1,. K} jes
K -1
2 K—-1

L 61 >(1— — 2
emma 6.6 in [100] >(1 — p) - ( s > Z 'ZX,m

k=1 Sc{l ..... K} \/ jes

Lemma 6.5 in [100] >(1 — )[K 2p—|—11\/7||| Xl

2001 )y 211X

Here, we have used Lemma 6.6 in [100]. We rewrite that Lemma using the notations in our
thesis as follows:
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Lemma 6.6 in [100] Let p € (0,1) and 5§ = [(K — 2)p + 1]. For any z € RE~1,

. . K—1\"
)DIESIEER N ) DTS G I DI OE
s=0 Sc{1,..,.K—1} jes Sc{l ..... K 1} | jes

In summary, we have shown that for X € H* ||| X]||,, > p(1 — \/7H|XH]F7 which means

Ce is at least p(1 — p)y/ 2. ]

™

A.2 Proof of Proposition 3.2.2

Proof. In order to prove Assumption II, we only need to show that for any ci,...,cg,
P(Zld:1 oy =0, and 31, oy # 0) = 0. Note that a; = {jz; for j=1,..., K,

d
P(Z oy =0, and 31, qay #0)

=1

< Y Plg=titleSand0ifi¢S) P(Y azx=0, and 3 & >0).

Sc{l..,K} leS leS
The inequality holds because o, = 1y - 2z, for k= 1,..., K and n and z are independent for
exact sparse models or Bernoulli-type models. Since z has a density function, z,..., zx are
linearly independent, i.e., P(}",cg iz =0, and Y, g¢f > 0) = 0 for any S. O

A.3 Proofs of Corollaries 4.1.1-4.1.4

Before proving the corollaries, we need the following lemma.

K —
Lemma A.3.1. If X equals to c- 117, and ||All, = 3 /22 (57 )7 X /X5 A2,
k=1

cKK
then || X |15, = S=v/3-

Proof of Lemma A.5.1. Essentially, we are trying to prove that

tl"(ATX) ¢ ZkK 1 Zj;ék; Ay, T

asoens (AL AsOACHK SAK s (K1 2 \/;
# o # Zk E( ) Z ZjeSAkj
Sc{1,...K} ’

-----
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Note that this is equivalent to the fact that the following convex optimization problem attains

the minimum (K — s)4/s :
K -1
. s (K—1
wn S =(0)) X [Ty
k=1 sc{t,..k} \| jes

keS,|S|=s

First of all, note that the problem can be split into K sub-problems: For k =1,..., K,

. s (K—-1 -1 22
min (- .24
sc{1,..K} \| jes

kgs,|S|=s

subject to ZA’W' =K -1.
7k
Furthermore, note that both the objective and the constraint are permutation symmetric:
if A is obtained by permuting off-diagonal elements from each row in A, then the objective

function remains the same. It is not hard to show for the optimal solution A* must satisfy
that for any k, j; 7é k, and jo # k, A} ; = Aj;,- Therefore, A} ; = 1 and the objective

function is S(K_ll) (KS Vs = (K — s)4/s. That completes the proof. O

Proof of Corollary /.1.1. (local identifiability for constant collinearity reference dictionary
and sparse Gaussian coefficients) The coefficients are generated from sparse Gaussian distri-
bution SG(s). First, the collinearity matrix M* = (D*)TD* = (1 — )l + p117. Because a

is sparse Gaussian, we know Ea;sign(ay) = 0 for any j # k and E|eo;| = \/j% The bias

matrix B is
(Bla, M*))y = 4~ MirEleyl == Jk\/gg = —\@% for j #k
Eloy| — Elay| = 0 if j =k

That means B(a, M*) is a constant matrix except for the diagonal elements. In the proof

of Proposition 3.2.1, we showed [ X[, = /2 54, 2 (57 ™ Syssm \/Ties X2y In

general, |||-[|I7, does not have an explicit formula, but for constant matrices, there is a closed
form formula (see Lemma A.3.1). Using Lemma A.3.1, we know

1Bz, = SE =D,

—s

Now we will calculate the sharpness constant and the region bound. First of all, || D*|||; =

M*|||, = 14 u(K —1). Second, |||B(a, M*)|||%, = “‘[(K D and ¢q > 2529\ /2 Combining
2 K @ T
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those formulas, the sharpness is at least:
1 s (K —s 3 s
Jrl+ (K 1)K \xk -1 " NS

For sparse Gaussian distributions, max; E|o;| = \/g %, the set S in Theorem 4.1.2 is

(1 — u\/g) for large K.

1— || B(oe, MY)|I%) -
S={DEB<RK>]H|D|||2s2|HD*|||2,|HD—D*mFs( 15, M)l - }
$V2| D" [ max; Eley|

—{D e B®") | |DIl, < 2T+ u(K — 1),

. 1 K —s
1D = Dl < s (=~ VA

which completes the proof. O]

Proof of Corollary 4.1.2. Assume the reference dictionary is a constant collinearity dictionary
with coherence p and the coefficients are generated from non-negative sparse Gaussian

distribution |SG(s)|. Since Eaysign(a;) = Engn;zi = \/E U when j # k, it can be

T K(K—1)
shown that
_J2 fps _ s(s—1) ) .
(B(o,, M*))y; = \/; (K K(K—1) for j # k.
0 if j = k.

This shows B(a, M*) is still a constant matrix except the diagonal elements. However,

compared with standard sparse Gaussian coefficients, the constant here is \/g <% — ;E?_%),

which is smaller than \/g £ in Corollary 4.1.1. Recall the explanation of the matrix B

after Theorem 4.1.1, that is because for non-negative sparse Gaussian coefficients, the bias
matrix By introduced by the coefficient is of different signs compared to the bias matrix B,
introduced by the reference dictionary and they cancel with each other. In standard sparse
Gaussian case, B = 0 if u = 0, which means the reference dictionary is orthogonal. For this
non-negative case, B = 0 if 4 = s/K, which means the atoms in the reference dictionary
should have positive collinearity s/K. As will be shown next, this significantly relaxes the
local identifiability condition for non-negative coefficients.

We now compute the closed form formula for the dual semi-norm. By definition, for any
matrix X whose elements are all non-negative, || X||, = Sr_, E| Z]K:1 Xk o1y, = 0) =

K K s(K—s K K
SE YR X Ea1(ay = 0) = \@ A S SR i X Thus we have

s—1

2 s
\/;?'M_K—l K -1 s—1
Bla, M5, = - ‘ _ ‘
It O, = g = e b R
™ K(K-1)
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Proof of Corollary /.1.5. First of all,
(B(a, M™))y.; = —M;iElay| = _Mj,k\/%p = —\/gup for j # k.
’ 0 if j = k.

Because all the elements in the matrix are constant except the diagonal ones, similar to
Lemma A.3.1, we can show the optimal A that attains the maximum of ||| B(a, M*)]||}, =

max tr(ﬂnﬁw is a constant matrix 117. Thus, we have
- pp(K —1) py/p(K —1)
| B(ex, M™)|l = < :

Q-p) S E Y —p)E-t=sy/s = 1-p

Here we are using the Jensen inequality that

K-1 K-1

> (5 [ (0T g = VES T

s=0 s=0
Thus RHS < 1 when g and p are small. The sharpness is at least
p

¢ﬂ1+MK—1»Q_m_“ MK—lﬂ,

Because E|a;| = p\/g for any j, the set S in Theorem 4.1.2 is

{D € B®M)|IIDI, < 21+ (I 1),

£ )[2 1
1D~ D'l < s (== D)}

O
Proof of Corollary 4.1.4. We compute the local identifiability condition when the reference
dictionary is a constant collinearity dictionary with coherence p and the coefficients are
generated from sparse Laplace distribution, i.e., for any j a; = &;2; where z; is from a

standard Laplace distribution and £ is a random 0-1 vector with s nonzeros. For standard
Laplace distributions, since E|e;| = 7, we have

“ —u+ for j # k.
(Ble M)k :{ 0 " ifjjjk.

Similar to Lemma A.3.1, we can show the optimal A that attains the maximum of
[|B(cx, M*)|||%, is a constant matrix 117.

pus(K —1)
(K —s) [J Iy — zl(zy)* ' exp(—(z + y))I'(s)2dady

To derive this denominator, we need to give an explicit formula for a linear combination of
Laplace random variables. The formula can be found in a few papers, e.g., [03]. ]

1 Bee, M)l =
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A.4 Proofs of theorems 4.1.1-4.2.2

The following lemmas are useful for proving Theorem 4.1.1.

Lemma A.4.1. Given two dictionaries D and D' € B(RY), we have the decomposition:
D'D' =1+ (D 'D -1-A(D,D")+ A(D, D).
where A(D, D') is a diagonal matriz whose j-th element is —%||D; — D}||3. Then we know
1. Foranyj=1,...,K, M[j,](D7'D} —1; — Aj(D,D")) = 0 where M = D" D.

2. [IAD)l = O(lID — D*|I7):

1 2 1 2
——|||D — D*|||7 < [||A(D < —|[|[D = D*|||.
2\/f|” I < A < Sl Il
3. When (D;, D) > 0 for any j = 1,....K, ||[D'D’' =1 - A(D,D')||, = ©(||D —
D — DY - B
T <IDTD = 1= AD, D)l < IDll, - 1D = D'l
V2| DIl

4. Let M' = (D")T'D’, for any A satisfying M'[j,]A; = 0 for j = 1,...,K and ||A||»
sufficiently small, there is a D € B(RYX) such that D™'D’ — 1 — A(D D’) =A.

Proof of Lemma A.4.1. (1):

M[j ](D‘1D§- —1I; = Ay(D, D)) (A1)
—(D;,D(D™'D) — 1, -~ A,(D, D"))) (A.2)
:<D D, - Dj+ 1D]||D D'|I3) (A.3)
=(D;, D)~ j>+§y|Dj — D/|; (A4)
—(D;,D}) =1+ 1—(D;,D}) =0. (A.5)

(2): |A(D, DY)l = \/E |D; — D;||3 < 5/ID — D*|||%. On the other hand, because of

the power inequality ||x||2 > \FHle, we have

A(D, DY||» = D, - D[4 > D-D*
IA( M= \/Z I I2 ¢—|H I
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(3): First, consider || D' — D — DA(D, D')||| -, we have

K
D'~ D — DA(D, D')| = ||D} — D;i(D;, D})l;

7=1
K
=Y 1-(D;,D})’
j=1
K
: / 2
—;gelﬂglle —t;- Djl5.

Then by taking t; =1 for all j =1,..., K, we have
IlD" = D — DA(D, D')|[[3; < || D" — D3
On the other hand, when <Dj, D§> > 0.

K K K
1
N 1-(D;, D))’ =3 (1-(D;, D}))(1+(D;.D})) ; 1-(D;, D)) = S|ID— D'l

Jj=1 j=1

Then for (D™D’ — T — A(D, D'")), using the above inequalities, we have:

IlD" — DIl <v2||D" ~ D — DA(D, D) (A.6)
<V2||D||JID7'D’ ~ 1~ A(D, D)l p, (A7)

which proves the first inequality. The second inequality follows from

ID™'D" — T — A(D, D) (A-8)
<[ID7HIID" — D — DA(D, D)l (A.9)
<[[D~H I, D"~ Dl . (A.10)

(4): Consider a differentiable mapping F'(D) = D™'D’ —1— A(D, D’) from B(R¥) to a
linear manifold

H={A¢€ RKXK‘M’[]',]A]- =0forany j=1,...,K.}
Since F(D’) = 0, if we can prove the differential of F' at D’, namely dF, is bijective from the
tangent space TIB%(]RK)‘ ={Ae RKXK‘<D;,AJ-> =0 for any j = 1,..., K.} to the tangent
D/
space T'"H| = H, then by the inverse function theorem on the manifold, we have the conclusion.
0

To prove it is indeed bijective, we note that dF(A)‘D/ is ZkJ(D’)j_lH[k:,]Aj,k = (DA,
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Clearly dF is injective: (D’)"'A = 0 implies A = 0. To show it is also surjective, first of all
for any A € TB(R¥X)| | its image under dF is in H:
D/
M'[j,](D")'A; =(Dj, D'((D') "' A)
—<Dj’ Aj) =0.

Because these two linear manifolds have the same dimension, dF' must be one-on-one. This
concludes the proof. O

Lemma A.4.2. If ||-|ll,, s regular with constant cq, then we know for any D, D’ such that
(D;,D}) >0 forany j=1,....K, ||(D)"'D'||, > zielP = Dl

Proof. First of all, because for any A € RE*% by definition of |||-|||,, [ Alll, does not depend
on diagonal elements A;; for any j = 1,..., K. Thus, ||[(D)'D'||, = |(D)'D' —1—
A(D, D")|||,,, where A is defined in Lemma A.4.1. If we denote A as (D)'D'—1—A(D, D’),
then Lemma A.4.1 shows M[j,]A; = 0. Since M;; =1, A;; = —M][j, —j)A[—J, j]. Thus

14113 < (M5, =51A[=4,31)* + IA[=5, 3013 < (1M [, =513 + DIIA[=4, 5113 = IM[3, 1121 Al=3, 3113

Summing over j, we have

Al < max HM[J}]Hz\/Z IA[=3, 7113
J
Note that for any j, |[M[j, ]|l = D] D||s < | D]|,, thus we have:

Al < !HDH!Q\/Z I A[=3, 41113

J

On the other hand, by Lemma A.4.1, we know |[||All|, >
those together, we have

1 . .
WD\HJHD - D/|||F Comblnlng

(D)~ D'l =lI(D)~' D" — I - A(D, D),

(Because of Assumption I)) ECa\/Z |A[—7, 7113

AN
- Ct
D1,

. Ip—D1,
I
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Lemma A.4.3. For x,y € R, y -sign(x) + |z| + |y| - L(z = 0) < |y + z| < y - sign(z) + |z| +
lyl - 1(z = 0) +2Jy| - 1(ly[ > [=] > 0).

Proof. If x = 0, the above inequality definitely holds. So without loss of generality, let’s
assume = # 0. When |y| < |z|, sign(z + y) = sign(z), so |y + z| = sign(z)(z +y) =
|z| + sign(z)y. When |y| > |z|, sign(z + y) = sign(y), if sign(z) = sign(y), clearly we have
|z +yl = |o] + |y| = ysign(z) + || If sign(z) # sign(y), [y + 2| = [y| — [z] > [z = |y =
|z| + ysign(z). So in summary, we prove the first inequality. The second inequality comes
from: |y + z| < |y| + |z| < |x| + 2|y| + ysign(x), which completes the proof. O

Lemma A.4.4. We have the upper and lower bound of the objective function:

E||(D*) x|l + [|D'D*||,, — tr(B(e. M)"D™'D") + o(||D — D*|l| )
> E|D x|, >
E||(D*) x|l + D7 D, — tr(B(e, M)" D™'D*) — El|Acx|s
Proof of Lemma A.J.J. By Lemma A.4.1, (D)™ D* can be decomposed into
D'D* =1+ A(D, D*) + A(D, D¥),
where A(D, D*) = D 'D* —1— A(D, D*) and A(D, D*) is defined in Lemma A.4.1. In
what follows, we use A, A without writing D, D* explicitly for notation ease.

Let Ay ; be the element of A at k-th row and j-th column. Then the objective function
can be lower bounded by:

E|D 'l =E[|(D") '@ — (I- D'D*)(D*)'z|; (A11)
=E|la+ (A+ Aoy (A.12)
(a) >E|la + Aa|; — E[|[Aal; (A.13)

K
(b) Z]EZ lag| + (e = 0)| ZAMO‘H — signay, Z Ay jo; —ElAadly  (A.14)
k=1 J J
>Ellefli + [|Allq — E)_ A Eaysignay — E[|Acs. (A.15)
k,j

(a) holds because of the triangle inequality. (b) holds because of Lemma A.4.3 (let x = Ak, |«
and y = ;). Note that by the definition of |||-||| ,, the diagonal elements of A do not matter,
50 [[Allg, = 1D~ D]
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Recall M, = <Dj,Dk>, by Lemma A.4.1, Ay ; satisfies: M[j,]A; = Zk# M, Ay ; +
A;; =0 (Because M, ; = 1) for any j. Thus we have

K K
Z Ay ;Eajsignoy, = Z (Z Ay ;Eajsignay, + Aj,j]E|aj|> (A.16)

Jk=1 =1 \k#j

K
=3 ) Ay (Baysignoy — M iE|oy|) = tr(B(a, M)"A). (A.17)
J=1 k#j

Because the diagonal elements of B(a, M) are all zeros, we know
tr(B(a, M)'A) = tr(B(a, M) D' D).
In summary, we have shown that
E|D ', 2Elaf + |D7D"||, - tr(B(a, M)’ D'D*) —E[Aalli.  (A18)
In order to have an upper bound, we have

E|D™'z|, =E[|(D*)"'z — (I- D™'D*)(D*)"'z|: (A.19)
—Efa+ (A + A)e|s (A.20)

<Ele+ Acafy + E[[Acxll; (A.21)

(Lemma A 4.3) <E|al|, + || D~ D*||,, — tr(B(a, M) D~ D") (A.22)

+ ZZE ZAk,jaj 1 ( ZAk,ja]’
k J J

Note that by Lemma A.4.1, E|Aal); < [|D — D*|||% max; E|a;| = o(||| D — D*|||.). Further-

more,

> || > o) +E|Aa;. (A.23)

E ZAk,jaj 1 ( ZAk,jaj > |ak| > 0) <A24)
J J
K
Szm?X!Ak,ﬂ E L(aw # 0)1(1 ) Ajey| = Jeu)lles. (A.25)
k=1 j

Because 1(ay. # 0)1( Y, Aryay] > law)) el < [lalh, Ellaf, < oo, and

A}igol(ak # 0)1(] ZAM%’\ > lagl)|lafli =0 as.,
J
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by the dominant convergence theorem, we know

lim E1(ay # 0)1( ZAk,jajl > o) |||y
J

—E lim 1(cx; # 0)1(] ZAk,jajl > [ow) ey
J

=0.
This means (A.24) is o(|||D — D*||| ), which proves the upper bound. O

Proof of Theorem 4.1.1. (i): We will first prove that if |||-|||, is regular with constant cq
and (4.2) holds, D* is a sharp local minimum. When (4.2) is satisfied and D — D*,
I B(ce, M)l = lIIB(ex, M7)|l, <1 and

||ID~'D*|||,, — tr(B(a, M)" D' D*)
=||D~' D", — tr(B(ee, M*)"D™'D") + o(|| D' D",
>(1 = [1B(a, MDDl + o([ D D*,)-

Because |||-|||,, is regular and Lemma A.4.2, by appropriately choosing signs of each column
in D*, we have

Combine those two inequalities, when |||D — D*|||, is small enough,

E|D™ x| — Efal

>(1 = 1Bex, MY)llla) —m— = 1D = D¥ll[ e + o[l = D7 )

V2 HID*IHQ

By Definition 3.2.1, D* is a sharp local minimum with sharpness at least

(1= [I1B(ex, M)l )\/_H\D*H!

(ii) When (4.2) does not hold or ||-]||,, is not regular, D* is not a sharp local minimum.

If ||| B(e, M*)|||7, > 1, then there exists A’ such that [[|A]]|, — tr(B(a, M*)TA") < 0.
Note that the left hand side does not depend on diagonal elements of A’, so we can find a
matrix A that is the same as A’ except the diagonal elements such that AM*[j,]A; = 0 for
any j and [|A]|, — tr(B(a, M*)TA) < 0. For any ¢ > 0, by Lemma A.4.1 we can construct
a series of dictionaries D(t) for a sufficiently small ¢ such that

(D(t))"'D* =1+ A + A(D(t), D*).
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Then by Lemma A.4.4, we have the formula for the objective of D(t):
E[lD(6) " x| =Ellall + (1All, — tr(Ble, M*)TA)) +o(|D(t) — D*[|r).  (A.26)

Because [|A[l, — tr(B(a, M*)"A) < 0, B D(t)""w[l < Efelly + o(||D(t) — D*|[r). By
definition, D* is not a sharp local minimum. If |||-|[[, is not regular, for any ¢ > 0, there
exists A such that M*[j,]A; = 0 for any j and [[|A[||,, < c[|A]|r. Without loss of generality,
assume tr(B(a, M*)TA) > 0, otherwise just take —A. For sufficiently small ¢, there exists a
dictionary D(t) such that

(D(t))"'D* =1+ A+ A(D(t), D*).
Then by Lemma A.4.4, we have the formula for the objective of D(t):
E|D(t)" |l =Ellall + (Al — tr(B(e, M*)TA)) + of| D(t) — D*||r) (A.27)
<Ellels + cll|Allp + o([[D(t) = D*[|r) (A.28)
<Elle]ls + el D)7 ll, - 1D(t) = D[l p + o(ID(t) = D*[|p)  (A.29)

Because that holds for any ¢ > 0, by definition, we have shown D* is not a sharp local
minimum.

(iii): When || B(e, M*)|||7, > 1, D* is not a local minimum. This part is essentially the
same as (ii). The key is to construct a series of dictionaries D(t) using Lemma A.4.1 as in
(ii). Then by using the upper bound in Lemma A.4.4, we can find a small ¢ > 0 and a small
¢ > 0 such that

E||D; 2| < Ellee]ls — ¢l| D(t) — D*||r + o(||D(t) — D*| ).
Thus by definition D* is not a local minimum. O

Proof of Theorem /.1.2. Note that by the definition of A(D, D*) as in Lemma A.4.1, we
have

E[AD, D")a; < maxEloyl[|lD - D% (A.30)
On the other hand, by Lemma A.4.4, we know
E|D™ 2|, — Ellec]ls [|D~ D", - tr(B(ex, M)" D™'D*) — E|A(D, D*)ex]s
Similar to the proof of Theorem 4.1.1, the right hand side is bounded by
ID~' D, — tr(B(e, M) D™'D*) — E||A(D, D*)ex||x

>(1— || B(e, M)[[)IIID~'D*||,, — E||A(D, D)}

>(1—[|B(e, M)|||7, )H|D‘1D*H!a - mfxE|ajl |ID - D%

>(1— || Blee, M)||5,) —==— D — D*||| , — maxE|ey| - || D — D*|3 (A.31)
\/_|||D|||2 P ! r

>(1—||B — D*||,. — maxE|a,| - [||D — D*|||>. A.32

>(1—[|B(e, M)|||7, )4f|HD |||2||| Il ‘ o -] Il (A.32)
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Because H<|M|||B{W|Hﬂu (1Dl D [l)- 1D =D (S m(DLH'ﬁ”'”)D D’(‘Hlﬁg(ndj\y ﬁ—)
% ca(l * ca(l « ca(l— o, M* :;
D |HF = 8V2max, E|a; ||||D*m2 we know |||M M H|F —  2max; Elogl||D*|ly, — 2 max; E|o| :

The last inequality is because || D*[||, > 1. Based on this chain of inequalities, we have:

1= 1B(ex, M)[g =1 = [[|B(ex, M7) [l = [ B(ex, M)l — [l Blex, M)
>1 —[[[B(a, M*)|lg = I1B(ex, M) — B, M7)]l|,

21— || B M), — - |Blew M) ~ Bl )
21— || Ble M), — - maxBleg - 131 = 3
> (1= [I1Be M),
Based on this, (A.32) is bounded by:
1

S = IB(e, MY)|ll5,)—= =5l D = D[l , — maxEley| - [|D = D[ (A:33)
2 4\/_|||D*|||2 o ’ g
ca(l — [IB(e, M)l ) )
= .z — 1D = D|l[p ) [|1D — D[ p max E[e;| > 0. (A.34)
8vZmax; Eloy | D} ;
This shows the LHS is positive when D # D* and we have completed the proof. O

Proof of Theorem 4.2.1. In order to prove Theorem 4.2.1, it suffices to prove any dictionary
D in B(R¥) other than D* will not be a sharp local minimum. Recall B(D) is the coefficient
of the samples under dictionary D, i.e., 3(D) = D~'z. For notation ease, we omit D and
simply write 3.

The following lemma provides a necessary condition for a dictionary to be a sharp local
minimum.

Lemma A.4.5. For any dictionary D, if D is a sharp local minimum of optimization form
(4.1), then for any k =1,..., K, B3-1(8r = 0) does not lie in any linear subspace of dimension
K —2.

Proof of Lemma A.J.5. If D is a sharp local minimum, by the proof of Theorem 4.1.1, it
should satisfy (A.35).

> Ay (EBjsign(Br) — M;iEIB;]) < > E| Z A,;B5|1(Bx = 0). (A.35)
- :

gk

For any Ay j, let A} ; = —Ay;, it should also satisfy (A.35). That makes

= A (EBsign(Br) — Mi,EIBi]) < Y EID | AwB[1(B: = 0).
J.k k j
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Thus we have

K
El Y ApiBl1(Br=0) >0. (A.36)
i=Lj#k
If B1(B = 0) lies in a linear subspace of dimension K — 2, because there are K — 1 free
parameters in A;; for j # k, we can find a set of nonzero A, such that ZJK:L#,C Ay ;B -
1(Br = 0) = 0 a.s.. That contradicts (A.36). Therefore, B81(8; = 0) does not lie in any linear
subspace of dimension K — 2. O

In order to show D # D* up to sign-permutation is not a sharp local minimum, by
Lemma A.4.5, it suffices to find a k such that the random vector 3-1(8; = 0) lies in a linear
manifold of dimension at most K — 2.

Note that 3 = D~'D*« is linear transform of ae. For D # D* up to the sign-permutation
sense, D' D* # I, which means there exists k such that B, # oy for any ¥ = 1,... K.
This means B is the linear combination of at least two elements in a. Without loss of
generality, By = Z;‘il ¢y such that ¢q,...,cp # 0 and T > 2. Because of Assumption II,
Br = 0 implies a; = ... = ar = 0. Thus, 3-1(8y =0) = D'D*al(a; = ... = ar = 0),
we know 3 - 1(8; = 0) lies in a linear manifold of dimension K — 7" almost surely. O

Proof of Theorem /.2.2. The whole proof consists of two major steps. The first step is to
show that the finite population satisfies the Assumption I with high probability: for any
e >0,

n K
1 4 N 2
P ( sup — g 1( g cjagz) =0 and E <cja§-z)> >0) > e)
C1 ]:1

i=1 j

<4exp <2K (ln % + 1) —n <e — %) 2) . (A.37)

In order to prove (A.37), define

K

fol@) 210> cjoy=0and > (a;)* > 0),

j=1 j=1

F(a) 2 {f.(-)|c € RE} and consider its VC dimension. We will prove the VC dimension of
F is no bigger than 2K, namely, for any ™, ..., a®%) define a set

FEO (W, o) 2 {(f.(aV),..., f(a®))|c e R},

The cardinality of 7?5 is not 22X If (1,...,1) is not in F?%)_ then we are done. Otherwise,

——
2K

there exists ¢ s.t. f.(a?) =1 for any i = 1,...,2K. That means > cjag-i) = 0 for any
i =1,...,2K. Therefore, the dimension of the linear space spanned by aV, ..., a®%) is
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at most K — 1. So we can find K — 1 coefficients such that all other coefficients are their
linear combinations. Without loss of generality, assume those coefficients are a™, ..., aK=1.
Define the support of a vector to be the entries where it is nonzero. For a®) ... a®%)  there
will be one coefficient whose support is contained in the union of all the other coefficients. If
this is not the case, each coefficient can be mapped to one entry which is only contained in
its own support but not any support of other coefficients. But there are K + 1 coefficient
and only K entries, which leads to a contradiction. Without loss of generality, assume that
coefficient is ). Now we will show that (1,...,1,0,...,0) & FC5)(aW .. . «®X). Since
——

fola®)y=1fori=1,..., K — 1, we have

Y al! =0 Vi=1,... K-1.
J

(2K)

Because a®) .

are linear combinations of a¥, ..., a1 we know

Yal! =0 vi=K,. .. 2K

J

oY

If f.(a®)=0fori=K+1,...,2K, it means

N 2
Z<cja§?)) —0 Vi=K+1,.. 2K,
J
(K+D) - a®K) | However,
(K+D) - oK) That

which means the support of ¢ does not overlap with the support of
the support of a®) is contained in the union of the supports of o
means f.(a¥) =0 not 1, a contradiction.

Then by the classic statistical learning theory, for example, see Theorem 4.1 in [93], we
know (A.37) holds true.
Now comes the second major step: we want to show that

1 . ple
Ale, p1, = sup — ay >
(6;1,p) = sup ;fx )> 310
Then, using (A.37), we get the desired conclusion.
For any €, p1, p2 > 0, if D # D* is a local min with sharpness at least € and eigenvalue(D)
3
€ [p1,p2], then sup, . 37" f(a®) > 7o Since D # D* up to sign-permutation
ambiguity, at least one row of D~!D* contains two nonzero elements. Without loss of
generality, assume the k-th row of D~'D*, denoted as ¢*), has at least two nonzero entries.
We will prove that it satisfies the desired condition:

L ‘ Pl'E
Z fetr 2L,02
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Recall that 8% = D~'z® for i = 1,...,n. Because ||[D7!||, < p;' and ||z ||, is bounded
by L, for any vector w such that |Jw||s = 1, we have | w]ﬂ;z)| < Lp;* by Cauchy inequality.
We have

_Zf >p1 max{‘zw]ﬁ
>fﬁ; | ;wjﬂ](Z | futo ()
=L SIS W B = 0,3 (e el > 0) (4.38)
i J J

c(k)

Note that this inequality holds for any w with unit norm. Recall that c ) has at least two

non-zero entries. Thus, for all the i’s such that Z (c a( )) =0, ag ) must satisty at least two

linear constraints, which implies the corresponding B)’s must lie in a linear subspace of di-
mensions at most K —2. Therefore, we can always select w such that wy, = 0 and for any 7 such
that > j(cy‘c)ocg-l))2 =0, we have 3 wjﬁj(.l) = 0. Then, by using this specific w (this w satisfies

. . N2
Jwlly = 1,wy =0, and for any i = 1,...,m, >, wjﬁj(-z)l ( ,(;) =0,2; (cék)agz)) = 0) =0),
we have:
prl i i k) (i prl i i
LTI w18 = 0.3 (a2 > 0= 2= 57 S wis0 (8 = o).
i J J ( J
(A.39)

Using the parametrization in Proposition 5.2.1, for ¢ > 0 sufficiently small, -w can map to a D’

2
in the neighborhood of D such that || D’—Dl|||. > p3|| D' =D~ |||, > p3-t-|lw" D7 ||y > ';—1;.
Because D is sharp local minimum with sharpness at least €, we have

]_ - _ i 1 - — 7
S ID) 2y - = 3Dy 2 D - D+ of||1D - D)
i=1 i=1
By Lemma A.4.1, we know the left hand side of the above inequality is equivalent to
(D)~ D5 — tr(((D")~'D)" B(8, D" D) > €|| D’ — D||| + o(|| D' — D||| ).
Without loss of generality, we could select D’ (or —D’) such that
tr((D")*D)"B(38, D' D) > 0.

This means the above inequality can be further rewritten as

(D) Dl|; > %Ho( )



APPENDIX A. PROOFS OF PART I 98

Note that

(8, = 0)

WD'?D%—-}ZijM

=1 Kk’

1 ) )
=t > 1> w18 =0).
i J

That means that when ¢ is small,

1 7 7
=3I wBl sl =0) > oie (A.40)
( J

2p2
Combining (A.38), (A.39), and (A.40), we complete the proof. O

Proof of Proposition 5.1.1. 1) <> 2): First observe that 2) is equivalent to the property that
the directional derivative of the optimization (5.1) at [ along any direction is always positive.
By Theorem 4.1.1, we know 1) is equivalent to

I1B(B, M) <1

Because of the definition of |||, this condition is equivalent to for any £k =1,..., K, and
dp; € Rfor j=1,..., K, j # k such that Z#k@%’j > 0,

‘ > 0k
j

On the other hand, the left hand side is exactly the directional derivative of the optimization
(5.1) at I; along direction (dy, ..., dk). Because every directional derivative is strictly positive,
I is a sharp local minimum of the optimization.

2) <> 3). We have already shown that 2) is equivalent to

(Z%@ (Be = 0) + > 6 B;sign(By) + My |G| > 0.

k,j
3) is equivalent to
| ot

for any |]\~4th — M, | < p. These two are clearly equivalent for a sufficiently small p. O]

l(ﬁk = 0) + Z 5k7j6jsign(6k) — Mk,]E|6k| > 0.
k.j

(B =0) + Z Ok 15351gn(5k) + Mk JE|Bk| > 0.

Proof of Proposition 5.2.1. Without loss of generality, we only need to show HQ;1H2 =1 for
any j = 1,..., K when k = 1. We can write Q = 'D~!, where the matrix I is equal to:

Thj=% V(wn,—Myp)2+1-—m2 ifj=h#1 . (A.41)
0 otherwise
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Note that I' is upper triangle so we can obtain its inverse easily. Then Q! = DI'"! and

1 h=1j=1
_wj/(\/(wh — Myp)*+1-M7,) h=1,j>1

-1 _

& 1/(\/(wh M)+ 1-M2) h>1j=h
0 h>1,j#h
Qs first column has the form: ||Q;'(|2 = ||D.||? = 1. For any other column Q;l where
7> 1, 1Q;3 = llw;Dy — Djl5/((w; — My;)* +1— M) = 1. O
Proof of Proposition 5.2.2. Recall
n K
f(D) =) > min(|D'[j]a"], 7).
i=1 j=1

Denote B8 = (D®)~12() and define a new function

n

fD)y=>"">" D'+ Y 7

I=1 =180 <7 i=1,|8{" >

Note that for any D, f(D) is always no smaller than f(D), that is, f(D) > f(D). Also,
f(D®)) = f(D®)). Because of Proposition 5.2.1, we know the iterate D71 in Algorithm
2 is the optimal solution of the following optimization:

argming f(Q_l)
subject to () is parameterized as in Proposition 5.2.1.

That means fN(D(t’j“)) < f(D®D). Combining the fact that f(D®)) = f(D®")) and
F(D®HD) < F(D®IHY) | we have f(D®+Y)) < f(D®H)) < f(D®)) = f(D®)), O
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Appendix B
Proof of Part 11

B.1 Proof of Theorem 8.1.1

Proof. To state the proof of the theorem, we need to define more notations. For a generic
set A C [0,1]?, with slight abuse of notations, let N,(A) =3, 1(x; € A) be the number of
samples with input features in A, and

in EA y'L

fin(A) = N, (A)

be the average response of those samples. For any feature X and z € (0, 1), let Az(A, (k, 2))
be the impurity decrease when splitting A into AN {X; < z} and AN {z < X;}, and
Az(A, k) = supgc.<; Az(A, (K, 2)).

The proof of the theorem proceeds in three parts. First, we prove a lemma which gives a
tail bound for Az(A, k). Second, we use the lemma and union bound to derive the upper
bound for the expectation of Go(7). Finally, we use a separate argument based on Gaussian
comparison inequalities to obtain the lower bound.

Lemma B.1.1. For any axis-aligned hyper-rectangle A C [0,1]?, k ¢ S and 6 > 0, we have

5Nn(A)

Px(Az(A, k) > 0| Ny(A)) < AN, (A)e 100407,

Proof of Lemma B.1.1. We suppose without loss of generality that xi,...,xy, ) € A. For
any z € [0,1], we let

A= AN{0< X<z}, A =AN{z< X <1},

and introduce the shorthands

left N’Vl (Aleft) right __ Nn (Aright)

— "N 7 — left _ left right __ right
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Then
1 1
Az(A, (k,z)) = i — 1in(A))? — i — pin (A2 L (g, <
2(A, (k.2) = s é(y i A = é(y pn(A))? L, < 2)
1 ri
- N (A) Z(yl - :LLH(A ght>>2]l(xik > Z)
n X;EA
1 e 1 e
=N (A) Z y; — pn(A)* = p' ft(m Z yi Lww < 2) — (1 ft)z)
n X;€EA n p x;€EA
ri 1 ri
=Py 2 U M@ > ) = ()
n x;,€EA
:pleft('uleft)2 + pnght (Mrlght)2 o ,un(A)2
— (pleft(luleft)Z + pright(uright)2)(pleft + pright) . (pleftluleft + prighturight)Q
:pleftpright(luleft . uright)Q
< 2pleftpr1ght[<luleft o M>2 4 (Mrlght o M)Q]
S 2p1eft(uleft _ M)Q + 2pr1ght(ﬂr1ght _ M)Q’
where

p=E[Y|X € A] = E[¢(X)|X € A

Now suppose without loss of generality that z1x < o < -+ < x,; (otherwise we can reorder
the samples by X}). Since k ¢ S, X}, is independent of Xg and therefore independent of Y.
Thus the distribution of (yi,...,y,) does not change after the reordering, i.e.,

i.4.d

i ~ (X)X € A) +e

Note that

m 2

left ( , left 2 m 1

sup p - < sup - yi — _
2 W= 4] 1<m< N, (4) Vn(A) (m ; M)

Note that Y is sub-Gaussian with parameter M + 1. Therefore, for each 1 < m < N, (A), by

Hoeffding bound,

2
m 1 &
— — >

dNn(A)

Nn(A) < 26_(M+1)25N"(A)2/m < 2¢ (M+1)?

Therefore

_ONn(A)

P (s 2 0| () ) < 2, (e
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By symmetry, the same bound holds for pright(yrisht — ;)2 Therefore
P(AZ(A,K) > 5| N, (A))

<P (sup g = ) 2 07215, (4) ) + P (sup g = ) > /2|, )

SNn(A)

<4N,(A)e 101+

and the lemma is proved. O

Proof of the upper bound in Theorem 8.1.1

Without loss of generality, assume that when we split on feature k, the cut is always
performed along the direction of k at some data point (and that data point falls into the
right sub-tree). Suppose that ¢; has unit variance for all i. Let C' = 2max{256,16(M + 1)?}.
We also assume, without loss of generality, that m,, > 8d,. Otherwise, since Go(T) is, by
definition, upper bounded by the sample variance of y, we have
d, lognp

Ex. sup Go(T) < Var(Y) < M?+1<16(M +1)?
TE€Tn(mn,dn) M

To simplify notation, we define x,.; = (0,...,0) and x,,,2 = (1,...,1). For any V C
[p], £, R € [n+ 2]V let

A(V,K,R):{X: (Xl,,Xp) X, v SXVZ <xRi,V¢71 SZS |V‘,0§X}c < 1,]€¢V}

be the random axis-aligned hyper-rectangle obtained by splitting on features in V', where the
left and right endpoints of the ith feature V; are determined by x,, y, and xg, y,. Note that
in this definition, we treat x; as random variables rather than fixed, and A(V, £, R) can be
the empty set with non-zero probability. Let

A(V) = {A(V,L,R)|L,R € [n+2V}

be all axis-aligned hyper-rectangles obtained by splitting on features in V. For any d < d,,,
let
Aa = Up=aA(V)

be the collection of all possible subsets of [0, 1]P obtained by splitting on d features.
Fix § > %M d" . We will first show that

)

Py (HA € Ad, k ¢ S : Az(A ]{])

W (A)
omy,
max{256, 16(M + 1)

and N,(A) > mn>

< 5(np)™* exp (
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Note that for any two events C; and Cs, the inequality P(C; N Cy) < P(C1]Cs) always holds.
Therefore, for any hyper-rectangle A, we have

Py (Ar(4, k) >
( Na(4) (B.2)

<Px. (AI(A, k) > %‘Nn(m > mn)

To simplify notation, we will drop the conditional event N, (A) > m,, in the remainder of
the proof of the upper bound, unless stated otherwise.

Fix V C[p],£,R € [n+2]Vl, and k ¢ S. Conditional on samples in £ and R, we would
like to apply Lemma B.1.1 to A(V,£,R) and k. The only problem is that there are now
samples on the boundary of A(V, £, R), namely those in £ and R. Let x; = {x;}icc and
xr = {X;}ier. Conditional on x., xg and N,(A(V,L,R)), and on the random variable
X € A(V,L,R), X is uniformly distributed in A(V,L,R). For a set A, we let A° be the
interior of A and let A be the boundary of A. Since m,, > 8d,,

Nu(A*(V, £, R))  my — 2dy _ 3

> =
No(A(V.L,R)) = mn — 4

By Lemma B.1.1, we have

my0
o > ~
PX,& <AI(A (V7£7R)7k) - 3Nn(A(V7£7R))

S No(A°(V, £, R))
12(M + 1)2Nn(A(V,£>R)))

XLy XR, Nn(A(V, ‘CaR)))

(B.3)

<4N,(A°(V,L,R)) exp (—

omy,
sAnep \ {1y

for large n. Since the right hand side does not depend on x.,xz, N, (A(V, L, R)), we can
take expectation with respect to them, and obtain

° mMy0 omy,
Px. (AI(A (V.L,R), k) = SNL(A(V. L’,R))) < 4dnexp <—m> (B.4)

On the other hand, we have the inequality

Yiecr Wi — 1n(A(V, L, R)))?
Nn(A(V, L, R))
Dicer 20 + pa(A(V.L,R))?)
Nn(A(V, L, R))

Az(A(V,L,R), k) < Az(A°(V,L,R), k) +

(B.5)
< A7(A°(V,L,R), k) +




APPENDIX B. PROOF OF PART II 104

We have

P Eie/:,R 23/1'2 S M0
FANAV, L, R)) = 3N, (A(V, L, R))

dicrr 4(f2(xi) + €F) Mp0
SP( N.AV.LR)  ~ 3N,(A(V.L. R»)
SP(Ziec,R 4(f*(x:) +€)

2dn 2
SIP’(Zi:l(Ei 2> . < exp(— 22

Mo, = 16N, (A°(V, L, R) >) 256 )

for large n, where the fourth inequality holds because § > 96M2d,, /m,,, and the last inequality
follows from the well-known tail bound
~Xa — 1‘ > 50) < 2e7H0/8

1

P
{
for x2 random variable and Jy < 1. To upper bound p,,(A(V, £, R)), note that

P ZieL,Rzﬂn<A(V’£7lR’))2 > mné
N.(A(V,L,R)) = 3N, (A(V,L,R))

<p (mnm(v?c,w > 5’”")

1 Nn(A(V,L,R 5
<P 1> "M (B.7)
=\ [ Mu(A(V, £, R) Z “1 =V 6d,

where the last inequality follows from m,, > 8d,, and § > 96M?d,,/m,,. Combining Equations
(B.4), (B.5), (B.7), we have

P (AI(A(V’E’R)’ k) = 3Nn(A(V,£,R))) < O exp (_max{lfi(M 112, 256}) (B-8)

for any V C [p],|V| =d,L,R € [n+ 2]Vl and k ¢ S. Note that the set A4 has cardinality

44 = (1) e+ 27 < (5
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for large n. Therefore by union bound,

mpo om
P(34eA P AL(A k) > s ) < BnplA - (
( €Auk ¢ S Az(A k) > Nn(A)) < Snp| Ay exp < max{256, 16(M + 1)2})

om
< d+1 — = '
< 5(np)™" exp < max{256, 16(M + 1)2}>

Suppose that Az(A, k) > NTZ?z) for all A € Ug<q, Aq and k ¢ S, then for any T € T,,(m,, d,),

No(t) mas  malI(2)]
NS,

Go(T) < Z

tw(t)¢S

<9,

where the last inequality follows since |I(¢)| 4 1 is the total number of leaf nodes in 7', and
each leaf node contains at least m,, samples. Therefore

dn
]P’x,e< sup  Go(T )>5>§Z (HAeAd’k¢S AZ(Ak)ZN(jl)>

Ten(mn n) d=1
d
n om,, B.10
< " 5(np)* exp <— ) B
pa max{256, 16(M +1)%}
om
< 10(np)™ - i
< 10(np) exp( max{256, 16(M +1>2})

for any § > 2 Recall that C' = 2max{256, 16(M + 1)}. Note that SIosnp) > 96Md,
for large n. Integratlng over ¢, we have

Ex . sup  Go(T)
TETn(mn,dy)
3d, 1 3d, 1
< 3dnlog(np) Ex.| sup  Go(T)1(6> Og(np))
i [T A (B.11)
3d, 1 o
< 3dnlos(np) | / Py. ( sup  Go(T) > 5) do
2m,, Sdnzl:;Lg(np) TETn (Mn,dn)
< cd, log(np).
My,
This completes the proof of the upper bound.
Proof of the lower bound in Theorem 8.1.1
For the lower bound, let
d, = max{d : 2"'m,, < n}, (B.12)

and consider a balanced, binary decision tree T' constructed in the following way:
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1. At each node on the first d,, — 1 levels of the tree, we split on feature X;, at the
mid-point of X;’s side of the rectangle corresponding to the node.

2. At each node on the d,th level, we look at the remaining p — 1 features, and split on
the feature that maximizes the decrease in impurity.

In the following proof, we will lower bound Gy (7") by the sum of impurity reduction on
the d,th level alone. For t = 1,...,2%71 let

t—1 t
RtZ{m§X1<m}-

be the hyper-rectangle corresponding to the tth node on the d,th level. Applying Chernoft’s

inequality, we have
P(' n Z3-2dn—1) S26}{1)(_27-2%—1)'

 9da—1
Let N.(R) .
n t
B1 = {‘ ” — 2dn—1 S 3. 2dn—1 for all t}
2
be the event that each node on the d,th level contains at least 5%, but no more than
4
5# samples. Then
L INJ(R) 1 |
c n\+4 dn n
P(Bf) < ; IP’(' = | 2 3.2dn—1) <2 exp(— —27'2%_1), (B.13)

and conditional on By,

8 2 n 4 n 32

gmn S §2dn_1 < Nn(Rt) S §2dn_1 S ?mn (B14)
We define )

RY{(k) = R, N {0 < Xp < 5}

and

1
and use R!, R as shorthand when k is fixed. For each t = 0,1,...,2¢ — 1, by Equation

_ Nu(BY) Nu(Ry)

Az(Be k) 2 Az(Be, (k,1/2)) = op S - 3 S

(1 (R) = pn(R))?
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Let
M = tin(R}) — pin(RY)

Conditional on N, (R!) and N, (RY), n = (n2,...,n,) are jointly Gaussian with zero mean.
To lower bound the impurity decrease at the tth node on the d,th level, we use a Gaussian
comparison argument to obtain a lower bound for sup,, |nx|, which requires us to calculate
the covariance matrix of 7. For any 2 < ki, ks < p, let us further define

1 1
RY(ky, ky) = Ry N {o < X, < 5} N {o < X, < 5};

1 1
Rir(k’l,k’z) =R, N {O SXkl < 5} N {5 Sng < 1},
rl 1 1
Rt(/{?hkg):Rtﬂ §§X1ﬁ<1 N 0§Xk2<§ ;

1 1
R:T<k1,k2) = Rtﬂ {5 < Xkl < 1} N {5 < XkQ < 1}

As before, we write R, RI"  RI' and R}" as shorthand when k, ko are fixed. Conditional
on N, (R;), the samples falling into the hyper-rectangle R; are uniformly distributed in R;.
Therefore we know from Chernoft’s inequality that

([ il 1) =2 (- 557)

for any ki and ky, and that the same results hold for R, R7' and R as well. Let

s { [ Ny | S 1SS 2 <k <h <)
Then
P(BS) < 2% exp (_ anfft))’ (B.15)
and

N, (R 8
P(B; N By) > 1 — 2" 1p? exp ( 4(8 t)) > 1 — 2%t p? exp ( T8> > 9 (B.16)

for n large enough (under the condition that m,, > 36logp + 181logn). Conditional on the
event B,

NalF) 2 NoBE) + NolBE) = S Nu(R) + 1 Na(R) 2 SN(R),
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for any 1 <t < 2%~! and 2 < k < p, and the same holds for N, (R}). Therefore,

1 3
Vi = > B.17
) = N ') T N T ANG(R) (B.17)
1 1 1 1 1
Cov(mk,, M) = + — — — — < : (B.18)
? Nn(Rél) Nn(Rt ) Nn(Ré ) Nn(Rtl) 4Nn(Rt)
Consider 7, . .., 1, with
3
E#. = 0. Var(7,) = ———
nk 07 ar(nk) 4Nn<Rt)
and .
Cov (T, » Thy) = m

Then conditional on B; N By, by Sudakov-Fernique lemma, we have

. | logp /3logp
> > >
Ee[mgx ne|B1 N Bs| > ]Em]?x e > Nk 2\ 3am,

and the lower bound

3
min{ N, (R}), N,(R})} > gNn(Rt) > My,

for any k,t. where the last inequality follows from Equation (B.14). Therefore, conditional
on By N By the minimum leaf size is lower bounded by m,,. Finally

Ex. sup  Go(T)

TeTn(mn)

2 EX,E

sup  Go(T) 131032]
TETm (mn)

Z @ E. [mkax Azr(Ry, k)leBQ}]

N,(R:) 3 B.19
> B 32 ) B g, o, (19

S 23logp
— 64 32m,,
. 1 logp
- 80 m,

when n is large enough, and the lower bound is proved. This concludes the whole proof.

P(B; N By)

]
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B.2 Proof of Theorem 9.4.1

Proof of the population case — desirable features

Recall from Section 9.2 that there are three different sources of randomness:
1. (D) the randomness of the data D,
2. (T) the randomness of the tree T, given the data D,
3. (P) the randomness of the randomly selected path P, given the tree T

Note that, although the random path P depends on all three sources of randomness (the data
randomness, the tree randomness, and the additional path randomness), when we condition
on the tree 7', then the random path P is independent of the data D. In the first part
of the proof, we will only consider the last two sources of randomness, namely, from the
random tree and from the randomly selected path on the tree. Also, recall that we define
S7,8F C [p|] x {—1,41} as the features in S; C [p] with — and + sign, respectively, that is

J77)

S;={(k,—1) : ke S;} Clp] x {~1,+1}, (B.20)
St={(k,+1) : ke S;} C[p] x{-1,+1}. (B.21)

J

For each node ¢ in a tree T, define F*(t) to be the set of signed features used by the
parents of ¢ in T and F(t) to be the corresponding (unsigned) features. For any feature 7,
(j,—) and (j,+) can appear together in F=(¢). Furthermore, let F£(¢) be a subset of F=(t)
by only including the signed feature that corresponds to the first split of the feature if a
feature appeared multiple times in the path. As a result, for any feature 7, at most one of
(j,+) and (j, —) can appear in F=(¢). Define F(t) to be the set of (unsigned) features in
F=(t). Because F*(t) and F*(t) only differ in terms of feature signs, they correspond to the
same set of features, i.e., F(t) = F(t). Conditioned on a tree T', at every node t of T we now
define the set of desirable features with respect to the LSS model as follows.

Definition B.2.1 (Desirable features). Define the desirable feature set U(t) C [p] to be
Ut) 2 {k: e Il ‘ 3jelJ] st keS;, SENF(E) =0and (k,—1) ¢ Fi(t)} . (B.22)

Note that the set of desirable features U(t) at a node ¢ is only defined w.r.t. some
particular LSS model. In particular, it depends on the basic signed interactions Sy ,...,S .
Hence, for a given tree 7" with node ¢, U(t) is an oracle set, which cannot be computed from
data. The way to think about U(t) is that it corresponds exactly to those set of features which
would yield some impurity decrease if the tree was grown by seeing the full data distribution
P(X,Y') and hence, making every split at the correct split point. Moreover, denote tje,¢ to be
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the leaf node of P and we define F to be the desirable signed features of F'(fjf). That is,
the signed features k; where for the node ¢ on the path P we have k; € U(t), i.e.,

F(P) = {(ki,by) € Fltiear) | ke € U(t), tiear is leaf node of P } C [p] x {—1,4+1} (B.23)

For notation simplicity, we use F as the shorthand of F(P).
Further, we define the event )y to be that the desirable features are exhausted at the leaf
node:

Qo 2 {U(tieat) = 0 for the leaf node tie,r of P}. (B.24)
With these definitions we get the following lemma.
Lemma B.2.1. For the event 0y in (B.24) it holds true that

Qo C (){S; C FYuU{Sf nF +0}, (B.25)
jelJ]
with {S; C Fyn{S;nF #0} =9.

Proof. For an arbitrary interaction j € [J], it follows from the definition of U(t) that
implies either S N F*(tieas) # 0 or S5 C F*(tiear). First, consider S N F*(tiear) # 0. Let
(k,+1) € S;-r N F£(feaf) be the signed feature in S;r N F* (tieat) that appears first on the path.
Then, because F*(t) only considers the signed features when they first appear in a path, we
have that (k,+1) was desirable and thus, (k,+1) € F, i.e., S NF # (. Second, consider
S C F*(ticat). Then for any (k, —1) € S5, by definition of F(t) we have that no S feature
appeared on the path before (k, —1) and hence, (k,+1) € F, ie., S; C F. Finally, recall
that by definition of F both conditions in (B.25) can never happen at the same time. O

Recall that F is defined in (B.23) and Qy € ¢ (D, T,P) is defined in (B.24). Define
Croot(D) 2 min  Pr (t,e0 splits on feature k | D). (B.26)

kEUJ‘.lesj
We state the population version of our main results below.

Theorem B.2.1. For all S* C [p] x {—1, 41} with § = |S| we have that almost surely
Py <§i CF ( T D> <0.5° (B.27)
and if S* is a union interaction as in Definition 9.1.1 then almost surely
P (St cF ) T,D) > 0.5 - Pp (95 | T,D). (B.28)
Moreover, if S is not a union interaction then

P (Si cF ) D) < 0.55(1 — Choos(D)/2). (B.29)
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Proof of Theorem B.2.1. Proof of (B.27): Recall that the path P corresponding to F is
selected in such a way: one starts at the root node t,,,; and then randomly follows the paths
in the tree either to the plus (B = +1) or to the minus (B = —1) direction with probability
0.5 according to the Bernoulli coin flips in B.

For any feature k € [p], let B* be the Bernoulli random variable we draw when k appears
for the first time on P. Note that when (k, —1) € F, B¥ = —1. Similar, when (k, +1) € F,
this implies that B¥ = +1. Consequently, for any S* = {(ky,b1), ..., (ks,bs)} C [p]x{—1,+1}
we have that

{S*c Fyc{B" =b,n...NnB* =} (B.30)

and hence

P(S*CF)<P(B" =bin...0B" =b5) =05, (B.31)

That completes the proof.
Proof of (B.28): Consider any basic interaction S; = {ki,...,k,,}, j € [J], then by
Lemma B.2.1 we have that

Qn{B" =...=B% =-1} c{S; c F}. (B.32)
Moreover, when s; = 1, we also have that
Qo N{B" = +1} c {5} c F}. (B.33)
Consequently, when S is a union interaction as in Definition 9.1.1 it follows that
QoN{B" =b,Nn...NnB* =b;} c {S* c F}, (B.34)

which, shows (B.28). )
Proof of (B.29): Assume that S* is not a union interaction. If any of the following is
true:

e S* contains any noisy signed feature (k,b) that’s not contained in UjS;T Us;;
e for some signal feature k£ € U;S; we have that (k,+1), (k,—1) € S+
o [S*N S| > 1 for some j € [J];

Then by definition of U(t) in (B.23), P (gi C .7-“) = 0 and thus, (B.29) holds.

Thus, we can assume that S* contains no noisy features and there exists some interaction
JjelJ] with s; > 1 such that (87 USH) N S* # 0 and for some (k,—1) € S;” we have that
(k,—1) ¢ S*.



APPENDIX B. PROOF OF PART II 112

_ First, assume that (k,+1) & S*. Then, whenever t,4 splits on feature k, we have that
{S* c F} implies’ B¥ = —1 and thus,
P (Si C F!D) = Z P (gi C F Ntroor splits on l%]D)
kelp]
< ZP (Bkl =byN...N B" = b; Ntye splits on 12:|D>
k#k
+ P (B" =b;N...NB"% =b; N B* = =1 Nt,e0 splits on k|D)
=3P (B = b0 B = b3) P (troer splits on K[D)
k#k
+ P (B" =bN...NB"% =b;1 B* = —1) P (t,00 splits on k|D)
= 0.5°(1 — P(to0r splits on k|D)) + 0.5 P(t,40; splits on k|D)
< 0.5° — 0.5 P(t,00¢ splits on kD) < 0.5°(1 — Croer/2),

where we made use of the fact that the tree T is independent of the Bernoulli random variables

B.
Second, assume that (k,+1) € S*. If S* N S; # 0, then {5+ C F} implies? t,p0; does
not split on k£ and thus
P <5‘i C .7-") <P (B’“‘1 = N...NB" = 3) P(tro0t does not split on k)
= 0.5°P(tro0t does not split on k) < 0.5°(1 — Croo)-

If SN Sy = 0, let k* € S; and k* # k. Because (k,+1) € S*, we can assume that
(k*,+1) ¢ S*: otherwise |§i N SJ+| > 1, which implies P (gi C ]—“) = 0. When t,,. splits
on k*, {S* C F} implies® B¥ = —1 and thus,
P (gi - .7-“) = Z P (Si C F N troor splits on l?:)
ke|p]
< Z P <Bk1 =b;N...N B" =b: N troot splits on l%)
Ttk
+P (B" =b;N...NB% =b; N B = —1Nt00 splits on k%)
< 0.5°(1 — P(troor splits on k%)) + 0.5 P(t,00 splits on &%) < 0.55(1 — Croot/2).

INote that this requires the interactions to be disjoint, as otherwise the features in S* N (S]"' U Sj_) may
also appear in other interactions S; with [ # j and k ¢ S; and thus, even when B* = +1 it is possible that
SEN(Sfus;y)cF.

2 Again, this requires the interactions to be disjoint, as otherwise the features in S* N (S; U S;“) \ (k,+1)
may also appear in other interactions .S; with [ # j and thus, even when #,,0¢ splits on & with BF = 41, it is
possible that S* N (57 US))\ (k,+1) C F.

3 Again, this requires the interactions to be disjoint.
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Thus, we have shown (B.29). O

Proof of the finite sample case
Filtering of desirable features and impurity

Recall that R;; = Ry N {X|Xy, < v} and Ry, = R, N{X|X), > v} denote the region
corresponding to the left and right children for node ¢. In other words, node ¢ divides the
region R, into R;; and R;,. Recall that N, (¢) is the number of samples in the region Ry, i.e.,

N,(t) =>"" 1(x; € R;). We will use an equivalent formula for the impurity as in Lemma
B.2.2.

Lemma B.2.2. A}(R,;, R:,) defined in (9.4) in the main text is equivalent to (B.35):

2

n Ny ()N, (1) 1 1
Af(Bu Bre) = S SN o | W) > Y Sow| . (B3D)

x;€Ry X;ER¢

Proof.

A?(Rt,l,Rt,r):% ( > (yi—an(t) STow)?- > (yi—ﬁ(tl) STow)- > (yi—an(tr) > yi)Q)

x;ER x;ERy x;ERy " x; €ERy g x; ER¢ x; ER¢

1 1 1
Zy?—N(t)(Zyi)z— Z yi2+N(t)( Z vi)* = Z yi2+N(t)( Z vi)?

ER¢ n x;ERt x; ERy | nit x;ERy | X;ERt,» AT X, €Re
1 ( 1

1 1
ol Wy X Wity X W),

x; ERy x;€ERy g x; ERy

If we denote A=), yiand B=}_ . ¥ the above formula is the same as :

1 1 1 1
-~ (—Nn(t) (A+B)? + Nn(tl)A2 + Nn(tr)BQ)

1 Naty) Na(t) 2
‘E(Nnm)Nn(t)A? N (t2) N (1) Z‘Nn(nAB)

_ Na(t))Nn(tr) 1 1 2 _ Nu(t)Nn(tr) 1 1 2
= AN () (Nn<tz>2A2+Nnur)?BQ*Nn(n)Nn(tr)A )‘ N (1) (NncmA Nnm)B)'

Let # denote the set of axis-aligned hyper-rectangles obtained by splitting the unit
hyper-rectangle consecutively, where each split satisfies A3. We study & because it contains
all the possible rectangles that can represent region of a node in a tree. Let Z; be the set of
rectangles obtained by splitting the unit hyper-rectangle d times, where each split satisfies
assumption A3. Then Z = Uy>1%4, and for any R € %, we have u(R) < (1 — C,)?. For
any region R, we denote Ny to be the number of points in R.
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Lemma B.2.3. Suppose that A3 is satisfied. Then for any d > 1,

- 1(x; _ : < A — .
Reuﬁiﬁ%’dl - ;:1 yil(x; € R)—E(Y-1(X € R))| < Cy (gé% " ,u(R)D +2Cy (1-C,)

Proof of Lemma. For any Ry € %y, di > d, there exists Ry € %, such that Ry C Rj.
Therefore Ny, < Npg,, and

] — Ngr Nrg,
L A(x; € Ry < =20y < =220
‘n;y (x; € By)| = —=Cy < —=Cy
Since Ry € %, we have
NRO NR NR d
Nr, _ Nr _ R‘ R) < R R‘ 1—C) B.36
o S max | == — p(R)| + max j(R) < max | == — u(R)| +( v) (B.36)
Therefore

%iyil(xi € R) —E(Y - 1(X € R))‘

Sy B)| + B 1(X € R))

<
i=1
N
< jo Cy + Cy(l _ O.y)d+1
< Cy | max &—u(R)‘ +(1—=C)%) + Oy (1 —C)*
- ReZy | m 7 7
< ¢y (max |NE - (B)|) +20v(1 - €1
= MY \keln T H Y R
Since R; is arbitrary, we have
max li 1(x; € R))—E(Y-1(X € R))| < Cy | max Ne _ (R)‘ +2Cy (1-C,)*
ReUq, >a%a, | — vi ! ! =Y REZq 1 M H Y v
(B.37)
O

Proposition B.2.1. Suppose that A1 and A3 hold true. Then

Ng P
e I
and
1 p
max |~ 5_1 yl(x; € R) —E(Y -1(X € R))| = 0.
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Proof. For any fixed d, let G,,(%4) be the growth function for the set of rectangles %, defined
in Chapter 5.2 of Vapnik [93], i.e.,

Go(a) & max_ log ]{(1(;11 >0,x1 € R),..., 1(yn > 0,%, € R)|R € %4,6 € ]RH .
Here for any set A, |A| denotes the number of elements in A.

We claim that G, (%) < log(n(2np)?). This is because at each of d splits, we have at
most p directions and at most n split points to choose from. Therefore, splitting d times can
create no more than (2np)? different separations of the n data points. Furthermore, within
each rectangle, the indicator functions 1(y; > #),0 € R can at most create n separations.

Thus,

CrUnyzaay) < log(dexp(Ga(24))) < log(nd(2np)?), (B.38)

and
0.

G (Yay<aZa, ) < log(nd) + dlog(2n) n dlogp
n n n
Therefore, by Theorem 5.1 of [93]:
Theorem 5.1 in [93]: Let A < Q(z,a) < B, a € A be a measurable set of bounded
real-valued functions. Let GG, be the growth function of the indicator functions induced by
(@, then we have the following inequality:

o (faeomror B ) - pe o {(S- G250

we have
1 < P
— A(x; € R) —E(Y -1(X € R))| = 0. B.39
5, [ oLl € ) B 1(X € R) (.39
Taking Y = 1 and we have
Ng P
— —u(R)| = 0. B.40
S P () (B.40)
By Lemma B.2.3 and the above equation, we have
1§n: 1(xi € Ry) — E(f(X) - 1(X € Ry) (B.41)
max — i L(X; — : .
REUd1>d<%dl n i1 Y ! !
<Cy (max |NE — u(R)‘ 20y (1 — C,)% < 30y (1 — C.)
- ReZ4 1 N K - K

Since that holds for any fixed d > 0, we know the left hand side of (B.41) converges to zero
in probability. Combining (B.39) and (B.41), we have shown that:

1
n

max
ReZx

En:yil(xi eR) —E(Y-1(X € R)| & 0.
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Since this holds for any bounded random variable Y, we can take ¥ = 1 and we have shown

e (R)

n

max

0. (B.42)
ReZ#

That completes the proof. O

Proposition B.2.2 (Subgaussian case). Suppose that A3 holds true and (logn)'*™°logp/n —
0 for some 6 > 0. Suppose Y = E(Y|X) + Z where Z is independent of X and 1-subgaussian.
Then

0.

max
ReZ#

Zyz x; € R) —E(Y -1(X € R))

Proof. Denote f(X) = E(Y]X) and Cy =37 (|8;]. Then |f(X)| < Cy. Note that

max |~ Zyz x; € R)—EY  -1(X € R))‘
< _ . il
max foz (x; € R) —E(f(X)-1(X € R)) +IE3§‘ Zz@ xleR‘

Here z; = y; — f(x;) represents the noise terms. Our proof proceeds in the following two
steps.
Step 1. Show that

max %zn;f(xz)l(xz €R)-E(f(X)-1(X € R)| & o. (B.43)

Step 1 is similar to the proof of B.2.1 but the difference is that we need the convergence rate.
Let

)
% = 20 + 4
and take
)
(i)
log(np)

Let G, (Z,) be the growth function for the set of rectangles #Z,. By (B.38), we have

Gn(Udy<aZay) _ log(nd) + dlog(2n) N dlogp _ (dlog(np)) o <<log(nm> 1—60) o

n - n n n n

Therefore, by Theorem 5.1 of [93], we have

max |2 S Fx)1xi € Ra) ~ E(F(X) - 1(X € )

RGUdO Sd‘%do n

oy

(B.44)
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Since this holds for any bounded random variable Y, we can take Y = 1 and it follows that

Np ()| =0 ((mg(np))m_%) 20, (B45)

n n

< max
RGUdO Sd'%do

Since d — oo, (1 — C)? — 0. Therefore, by Lemma B.2.3, we have

1 < p
e ; f(x)1(x; € R) —E(f(X)-1(X € R)| & 0. (B.46)
Combining (B.44) and (B.46), (B.43) is proved.
Step 2. Show that
I »
max | 2211(& €ER) =0 (B.47)
Note that
1« 1 1<
max ‘E azil(xi € R)’ = maX{REUZI:?;@dO - glzil(xi € R)‘,REREUmda;);d%dl -~ ;zil(xi € R)‘} .

Therefore, it suffices to prove that both of the two terms on the right hand size converges to
0 in probability. We begin with the first term: maxgeu, ., ‘% S zil(x; € R)’ Since X
and Z are independent and Z is 1-subgaussian, by Hoeffding inequality,

n Ng 2.2
1 1 n°e
P (‘E ;:1 zil(x; € R)‘ >€/2 ‘ X) =P ()ﬁ ;:1 zi| > e/2> < 2exp (_8NR) )

for any rectangle R. Therefore by union bound,

1 n
P Sy sl e B)| ze/2 | X
(m P CILIE )
ne? ne?
<2 exp(Gp(Ugy<aZa,)) €XPp (—?) < 2exp (log(nd(an)d) - ?> — 0.

for any ¢ > 0. Since the above upper bound on the probability is independent of X, we

conclude that
1 n
n;z (x; € R)

max 20.

REUdOSd%do

We now turn to the second term maxpgereuy, - %4, ‘% Yoy zl(x; € R)|. Let 2% be the set

of rectangles with at most sg = n/(logn)¥?+% samples, then log |2*| < (s¢ + 1)logn. By
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union bound,

1 n
=S i e R)‘ > ¢/2 ‘ X)
n

=1

1=

P | max
REZ%0

2

. ne n2e2
<2exp(log | %) exp g ) <2exp (504 1)logn — =) =0
So
Therefore,
1 n
max |~ E_l zil(x; € R)‘ — 0.

Hence, to prove (B.47), it suffices to show that Uy, ~a%Z4, C Z*° with probability tending to

1. Note that by definition of dy, igtgg = 1+ 9. Therefore

1_5 1_5 1_5
(S gyt oo (M) e ((10gn)2+6 +1ogp(logn)1+5> i

n n n

By (B.36) and (B.45), we have

log(np) /2
max Np < maxNp=o0 n(—) = 0($0).

REUd1>dﬁd1 ReZ, n

Therefore, maxgey,, .2, Nr < so with probability tending to 1. The proof is now complete.

O

Define population impurity decrease A(t) at a node t to be

p(Ry) (R,
Af(t) = Var(Y|R;) — “Var(Y|Ry,) — “Var(Y|Ry,). B.48
I() ( | t) ,U(Rt) ( | tl) N/(Rt) ( | t) ( )

Similar to Lemma B.2.2, we know it is equivalent to:
Ar(Ryi(v; k), Rer(v; k) = pBe(r: k))ﬂ(,Rt’r(% k) [E(YIX € Ry (v k) —E(Y|X € Re,r(7v; k))]Q- (B.49)
1(Re (v k))

The following proposition shows that the finite-sample impurity decrease converges to the
population impurity decrease uniformly.

Proposition B.2.3. With A1 and A3, we have the following two uniform convergence results:

%—N(R)]&o

a. MaXpcyp

b. sup |A%(Ryy, Rey) — Ar(Riy, Rey)| 25 0.

Rt,l,Rt,reﬂ
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Proof. a. That’s the direct conclusion of Proposition B.2.1.
b. Let f(x1, 22, y1,y2) = 22 (y; —y9)?. Then f is a Lipschitz function on [0, 1] x [0, 1] x

T1+x2
[—Cy — 1,Cy + 1] x [-Cy — 1,Cy + 1]. Use the fact that maxgcy %Z?=1 yil(x; € R) —
% —p,(R)‘ % 01n a), by

E(Y -1(X € R))| 2 0 in proposition B.2.1 and the fact maxzey

continuous mapping theorem, we have

sup A?(Rt,la Rt,r) - AI(Rt,b Rt,r) 0.

Rt,lvRt,ref%

]

Now we analyze the impurity decrease at each node of a tree. We consider three families
of trees:7qy, 71 and Ta:
To = {Any tree that satisfies A3}.

71 = {Any CART tree that satisfies A3 and A5}.
T> = {Any CART tree that satisfies A3, A5, and A4}.

71 is the family of CART trees that satisfy our assumptions but my,y can be arbitrary. 7;
is more restricted than 7 in the sense that the threshold v; of any node ¢ of any tree in 7Ty
must maximize the finite sample impurity decrease (9.4). Thus, 77 depends on the data. For
any T € T and any ¢t € T such that U(t) # (), its region R; is a rectangle:

R, = {f S RPW% € [p], Clow,t < Tg < Chigh,ﬂ}- (B50)

where Ciouw ¢, Chigne € [0, 1].
By the definition of desirable feature set U(t), we have its equivalent formula:

U(t) = Uje[J]:S;TﬁFi(t):@Sj/F(t)'
Define the set of noisy features to be its complement: [p]/U(t). We can also define
U(t) = Uje[J]:s;mFi(t):a)Sj/F(t)-

Since FE(t) C F*(t), U(t) C U(t). For any v, denote Ry (y;k) = R N {X|X; <~} and
Ry (v;k) = Ry N {X|X) > ~}. First, for any node ¢t € T and any k € U(t), we have a
characterization for the impurity decrease:

Lemma B.2.4. ForanyT € Ty, t € T, j € [J], k€ S;NU(t), and v € (0,1),

Ar(Reg(v; k), R (73 F))
=u(Ry) - B2P(V ( € S;/{k}, Xo < v|X € R,)*

(1(7 < k) - —<1(1__7:))27 +1(y > ) - —7'%(17_ ”Y))‘
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Proof of Lemma B.2.4. Since k € U(t), we know that k is not in F(¢). That means any of
t’s parents do not split on k. In other words, R; does not have any constraints for feature k,
i.e., Clowr = 0 and cpignr, = 1. Thus, we know that

p(Rei(: k) = n(Be) -y (B.51)
and
p(Bep(v: k) = p(By) - (1 —7). (B.52)
Recall that Ay in (B.48) has its equivalent formula (B.49):
Ap(Rea(vi k), Rep(vi k) =

(R g (v B)) (R (73 K))
1(Re(7; k)

where the conditional expectations are

[E(YIX € Ry(:k) ~ E(YIX € Ry, ()]

J
E(Y|X € Riy(v:k) = Y By P (w €Sy, X, < W)X € Ruy(v; k)) , (B.53)
i'=1
and
J
E(Y|X € R (r:k) = > ;P (w €Sy, X, < W’X € R, (; k:)) . (B.54)
i'=1

Now we will analyze (B.53) and (B.54). To ease the notations, let’s define the following
three events:

Aj/ :{Xg S Ye, Vil e Sj/}, (B55)
Bo{X € R} (B.56)
Cr ={Xk <7} (B.57)

Then (B.53) becomes Z}]/:l B P(A;|BCy). Because R; has not constraints on k, B does not

involve feature k. When j' # j (namely, k € S;), A;r also does not involve feature k. Thus, Cj,
. o P(A,BCy)  P(A,B)P(Cy)
is independent of (A;, B), which implies P(A;/|BCy) = B — PG P(A;|B).

Similarly this holds for (B.54). Therefore, when j’ # j:

P (w € Sy, Xo < | X € Rulv; k:)) —p (w €Sy, Xy < wi|X € Ry (s k)) .
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When j' = 7,
J2 (ve €S, X; < W‘X € Ruy(v; k;)) _p (w €S, Xo < W‘X € Ru (7 k))
—P(Y (e S;/{k}, X, <|X €R,):
(P(Xi < WlXk <7) = P(Xy <l X > )
—P(V (e S;/{k}, X, <|X €R,)
(1(7§%)‘ 11 +1(’Y>%)~%>-
Therefore, (B.49) becomes:

1(Rei(v; k) (B (v )
1(Ry)
= w(R)Y(1 =) - BiP(V L € S;/{k}, Xo < 7|X € Ry)*

(16 <90 B2 w15 0 2

— Tk

(E(YIX € Ry k) ~E(VIX € Risr: )

(1—=7)?
— W(R) - BEP(Y £ € Sy/{k}, X0 < wlX € Ry
(1 —m)*y Vil —7)
1(~ < S L.V S A
(1 s ) Syt + 10> ) )
That completes the proof. O

Lemma B.2.5. For T' € Ty, t € T, if there exists j € [J] and k € S; such that k € U(t),
then
P(V€ € Sj/{k’}, X, < ’)/g|X S Rt) > C,ij_l.

Proof of Lemma B.2.5. Because k € S; and k € U(t), we know that SFNF%(t) = 0. That
means node t is not at the right branch of any node that splits on features in \S;. Thus,

Clowe =0 when ¢ € Sj. (B.58)

Also, cpighr = 1 and ¢ = 0 because k € U(t) Then, P(V ¢ € S;/{k}, Xe <v|X € Ry) is
P(Vl € S;/{k} Xy <70, X € R,)

p(Re)

(Due to (B.58)) :ng[p}/Sj(ChigM o) HEESj/{k} G
(1)

> [eep /5; (Chigh,t = Clow.) Heesj /{k} Chigh,t * Ve

N p(Ry)

(B - Tees, jqny e

p(Re)

s;j—1
>CsiL,
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That completes the proof. O
Lemma B.2.6. Assume Al holds. For any fized € > 0,

Pl min min sup  AF(Ry(yik), Rer(v:k) > ZC3C3" 0T S,
TeTo t € T, u(Ry) > €, *eU()€[Cy,1-C] 4
U #0
(B.59)

Proof. First of all, we know from Proposition B.2.3 that supp, <, |A%(R:) — Ar(R;)| 2 0.
Thus, in order to prove (B.59), we only need to show that

inf min min Ap(Re;(yes k), Rer (i k) > EC’;C’ima"j it (B.60)
TS f e T p(R) > e, U0 2
Ut) #0

Recall that ~; is ground-truth threshold of feature k in the interaction. Here we can drop
max,e[c,,1-c,] and use 7, because that results in a lower bound of the previous equation.
Based on Lemma B.2.4, we know that

AI(Rt,l(%; k)7 Rt,r (Wk; kf))
=u(Ry) - BiP(V £ € S;/{k}, Xe <vlX € R)*- (1 — )

1
2507026 . P(V (e Sj/{k}, X, < "}/g‘X € Rt)Q.
The second inequality is due to u(Ry) > €, v(1 —v) > C,(1 — C,) > 3C, and j3; > Cj.
Then using Lemma B.2.5 leads to the conclusion. [
For a node ¢, denote vy, = argmax, cjc 1-c jAT (B (Vi k), B (75 ).

Lemma B.2.7. Suppose A1l holds true, we have

* P
sup max max |y, — | = 0.
T€To t S T?/'L(Rt> Z €, kEU(t)
Ut)#£0

Proof. To simplify the notation in the proof, let us denote

an = A?<Rt7l(77;k; k), Rt,r(’ﬁ,k; k), a= AI(Rt,l('Y:,k;; k), Rt,r(’YZk? k)),

and
by = AT (Reg(vii k), R (i K))s b= Ar(Rei(yis k), B (s k)
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Using Proposition B.2.3, we have

sup max max |(a, —a 50.
T<Ts 1€ T, ju(Ry) > e, keU()
Ut) #0

123

(B.61)

By Lemma B.2.6 (see (B.60)), we know the second term is bounded uniformly above zero:

. . . € o
inf min min a > —CEC% max; §5—1

TRt e T, u(Ry) > ¢, keU)

U(t) # 0

Thus, the ratio converges to 1 in probability:

sup max max n _ 1| 5 o.
TR t € T, p(Ry) 2 €, kUM 1A
Ut) #10
Similarly, this applies to b, and b, too.
b, P
sup max max |— — 1| = 0.
Te€To t € T, u(Ry) > €, keU(®)
Ut) #0
So by the continuous mapping theorem, we know that
n @ p
sup max max |—— — 1/ =0
7T t € T, u(Ry) > ¢, keU® |an b
Ut) #0

Because v/, maximizes A} and 7, maximizes Ay, a, > b, and a < b. Thus Z—”—
b n

Therefore, we know

sup max max 1 — 250,
TeTo t € T, u(R,) > e, kU b
Ut) #0

By Lemma B.2.4, we know that

a=pu(Ry)-BIP(V L€ S;/{k}, Xe <vlX € R)*

(1 — )% Yol —7%)
LV <) -~ 100 > ) - f’)?
< bk (1—- 'Vt,k;) bk Vi .k

b :,U,(Rt) . 632P(\V/ (e Sj/{k}}, X, < ’)/ng € Rt)2 . ’}/k(l — ’}/k)

(B.62)

(B.63)
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Thus the ratio is

a (1 — )70 (L= 7)
_:1(7* S'Yk)'—>k7+1<’7* >7k)'—7*'
b b '719(1 - /Vt,k) bk (1 - ’Yk)'yt,k
When 77, < 7,
a (1 - Vk)%;k
l—-=1-—F—=
b V(1 — '7t,k)
= >
Ye(1 — Vt,k) b
Similarly, when v}, > v, 1 — § > 7f, — % Thus, 1 —a/b > [y — 7| > 0. Thus, by the
Squeeze theorem, we complete the proof. ]
Lemma B.2.8. With A1, the following statements are true:
i) For any fized €,0 > 0,
. . . . ) _ sj—1 _
P TelTnlf(D) L T7/rf(1]n{t) - J%E?] keSnjlrlﬁr%J(t) P(Vee S;/{k}, Xo <v|X € R;D) —Cy >0 —1
U)#0
i) for any fized € > 0,
. . . n A . E 2 ~2max; s;—1
P\rhior e ith > o b cien e, T 0T Ber R > G EE oo By
Ut)#0
* P
TGTE'D) te T,,U,(I)%(t) >, kEUz(t) ht’k el = 0.
Ut)#£0

Proof. We use math induction to show that the above statements hold for any L > 0:
i) For any fixed €, > 0,

Pl inf min min  min  P(Vl€S;/{k}, X¢ <v|X €RyD)—CY > 5| > 1.
TeTi(P) t e T,u(Ry) > e, U(t) # 0, J€lJIkES;NU()

Y FE@nsfi<L

ii) for any fixed € > 0,

€ 2max; s;—1
inf min min sup AP (Ry (i k), Rer(v; k) > —C2C 7 — 1.
TET(P) t € T, pu(Re) > €, U(t) # 0, *EUM) ve(0y,1-C4] ’ 47

i FE@nSfI<L

P

(B.65)
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i)
sup max max |v; . — Ykl R}
TeT (D) t €T, pu(Re) >, U(t) #0, keU® 7
ST ST <L

If those statements are true, then our proof is complete because for any node ¢, Z}]:1 [FE(t)N
Sj| <37, 85, which is a constant.

When L =0, U(t) # 0 and }_; [F£(t) N SF| = 0 implies that U(t) = UL, S;/F(t) =
U(t) # 0. Then the statement holds because of Lemmas B.2.5, B.2.6, and B.2.7.

Suppose the statement holds for L = Lo, and let us consider the case L = Lo + 1:

i): For k € S;NU(t), we know that S; NF*(t) = 0. Now consider S} NF*(t): if it is
also empty, then k € U(t), then i) holds because of Lemma B.2.5. Let’s consider the case

when S} NF*(t) # 0. For any ¢ € S} NF*(t), some parent nodes of ¢ are split on feature ¢

and node t is at the left branch of the first parent node that is split on £. In other words,
this is the scenario where (¢, —1) first appears in the path and then (¢, +1) appears later.
Denote that first parent node that is split on £ to be ¢pqrent,e. Since none of t,4ent ¢’s parent

nodes are split on ¢, £ € S N F=(t) but not SN FE(tparent.e). Since FE(tparente) is a subset
of F(t), we know that ijl ST N FE (tparente)| < Lo. Also, because S N FE(tyarent,e) = 0
and ¢ € F(tparents), { € Ultparente).- Then by the induction condition iii), we know that
Vi ’ LN 7. Because t is at the left branch of ¢,4ent ¢, the upper bound in R; for feature ¢,

parent,l
i.e., Chignr, is smaller or equal to ; In other words, for any fixed 6 > 0, we know that

parent,ﬁvg.

P sup max max max Chigh,t —Ye >0 Bo.
TeTi (D) t €T, u(Re) > €, U(t) #0, j€[J] (e.41)esf niE(¢)
S FE@QNS I<Lo+1  SFNFE() =0

For any [ such that ¢ € S; but (¢,+1) ¢ S;“ N Fi(t), Clowe = 0. Note that cpign i, = 1 and
Clows = 0 because k € U(t). Then, P(V ( € S;/{k}, X¢ <v|X € R;; D) is

P(Vf S SJ/{k‘} Xe <y, X € Rt;D)

w(Re)
leegpy/s; (Crign.e = crow,e) Iees; / (ry max(min(chign, e, ve) = Ciow,e, 0)
B n(Rt)
[leerp/ s, (Chigh.e = Clow.e) H<4’+1)€S;mpi(t)(chigh,£ — Clow,t +0p(1)) Héesj/{k}’(zyﬂ)gs;rmpi(t) min(chign,e, ve)
B w(Re)
N eeip)/s, (Chigh,e = Clow,e) H(éerl)eSmepi(t)(Chigh,e — Clow,t) Hlesj/{k},(£,+1)€SJ.+mFi(z) Chigh,t " Ve o)

- w(Re)
(Re) - Hzesj/{k},(z,+1)gs;fm~‘“i(t) Ve
B(Re)

>0 4 o,(1).

2

+o0p(1)

That completes the proof for i).
ii): Given i), ii) should be obvious following the same proof in Lemma B.2.6.
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iii) Given ii), iii) should follow the same proof in Lemma B.2.7.
Thus, we have finished the math induction and proved the statements. O

Lemma B.2.9. For any tree T € T; and any node t € T, the noisy features correspond to a
nearly zero impurity decrease, i.e.

sup max max sup A?(Ru(v:k), Reo(7: k) 5 0. B.66
Sup max max  sup 1(Rea(y: k), Rir (v k) (B.66)

Proof. By Proposition B.2.3, we only need to show that

sup max max sup A;(Ry(v: k), R (7: k) 5 0. B.67
TG% ) ke[p]/U(t)ve[OI?” 1(Rea(v; k), Rer(7: K)) ( )

For k € [p]/U(t), either k € [p]/U;-]:1 S;ork e Uj:l S;/U(t). We will analyze these two
cases separately.

a) When k € [p]/ U;’zl S;, for any j' € [J], k is not contained in S;. Because different
features are independent, X}, is independent from X € {X|V ¢ € S;;, X, < 7,}. Therefore,
for any j' € [J], we have P(V ¢ € Sy, Xy < v|X € Ryy(v; k) =PVl e Sy, Xo<ylX e
Ri,(7v; k). That implies Ar(Ry (75 k), Rer (73 k)) = 0.

b) When there exists j such that k € S;/U(t). For j' # j, by a similar deduction as in a),
we know that P(V ¢ € Sy, Xy < v|X € Ry (v:k)) = PV L e Sy, Xo <vlX € R (7:k)).
The impurity decrease Ar(R:i(7y; k), Re.(7; k)) becomes

p(Rea(7; B) (R (73 K))
M(Rt)

2
(P(v (€S, X <lX € Ru(yik)) — P(VLES;, Xo<lX € Ry,(y; k))) .

33 (B.68)

Here we still consider two cases: Because k ¢ U(t), either (k, —1) € F*(t) or S} NF=(t) # 0.

i) If S NEF*(t) # 0, suppose (K, +1) is the first positive signed feature in S that enters
F£(t). That means we can find a parent of ¢, denoted as tparent, that splits on feature &' and
none of t,4rent’s parent splits on &'. That implies &' & F(tp4rent) and S;T N FE(tparent) = 0, in
other words, k" € U(tparent). Recall that Verarent I denotes the threshold at node t,4rent. By
Lemma B.2.8, we know that the threshold ~; 2?5 ~. Since t is on the right branch
of the node tparent, Cioww (t) > Ve arened - THUS, p({XI|V L eS;, Xo <v}nNRy) 2 0. Since

(B.68) is bounded by 2¢34 bl ) [P(V (€S, Xo<ylX € Ruylv;k))+P(V (e

Sj, Xg S ’}/Z|X c Rtﬂa(’)/; k?))i| S 2C§P(V 14 S Sj, Xg S ’)/g,X € Rt), we know that (BGS)
converges to zero in probability.

i) If S; NF*(t) = 0 but (k, —1) € F*(t), it means there exists a parent of ¢, denoted
tparent, such that feature k is used to split that node and none of its parents splits on
k, in other words, k € U(tparent). By Lemma B.2.8, we know that the corresponding

threshold ~v; . 2 ~4. Since ST NFE(t) = 0, t is on the left branch of tyaren. Thus,
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Chighk(t) < V7 ek For any fixed e > 0, if p(Ri(v:k)) > € and (R, (v;k)) > €, then
P(Y 0 e S;, Xo<yilX €Riy(v;k))— PNV €S, Xp<v,X € Ry, (y;k) 2 0, which
implies Ar(Ryi(v; k), Riy(7; k) 2 0. Otherwise, u(Ryi(7; k) < € or u(Ry,(7;k)) < ¢, then
“(R“(W;Z)()’éfft”"(%k)) < eand Ap(Ry(7; k), R, (7; k)) < 4e. Since € is chosen arbitrarily, this
implies Ar(Ri(v; k), Rep(135)) 2 0.

Combining a) and b), we complete the proof.

With the help of the previous lemmas, we have the following proposition:

Proposition B.2.4. Suppose tiees is a leaf of P from a random tree T' € Ty. Assume Al-AS
hold true. For any fixed constant € > 0, the following facts hold true:

i)

n * * € 2 2max; s;—1
p (r&gxker@%(t) A7(Bea(vips k), Bur (s k) < G505 ) — 1L

ii)
P (Ultia) = 0|D) 1.

iii)

€
P . . An R * ]{3 R , * ]{? > _0202maxj-s]-—1
<t€£r(ltllgf)kr€n[}3) TRtV k), Rer (Vg k) > 16805

D) > 1—eé—nn(D, €),

with constant C' = C%/log(1/C.) and 1,(D, ) % 0.

Proof. 1) By Lemma B.2.9, we know with probability approaching 1,

€
AF(Rey(v; k), Rip(7; k) < CRC2M5 %1, B.69
%%Xkeﬁ?g(t)vi%% ]( t,l(’)/a )a t, ('7 ))— 4 B~y ( )

ii): For any fixed ¢ > 0, by Lemma B.2.6 and Lemma B.2.9, the following event A,
happens with probability approaching 1,

A= min min su ARy (v k), R (y: k) > B.70
TCl {teT,,u(Rt)ze,U(t);é(Z)keU(t),YE[CwlplCW] F(Bu(r )}, Ber (73 K)) ( )

max max sup AT(Ry(v: k), Re (7 k))}7

teT ke[pl/U(t) ve[o,1]

which implies that for any node with volume at least € any desirable features has higher
impurity decrease than any non-desirable feature. For a random path P, denote its leaf node
tiear and the depth of the path is D. Then for d € [D], denote t; to be the d-th node on the
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path P(tiear). Recall that S = U7_|S; denotes the set of all signal features and s = |S| their
total number. Based on (B.70), if at any node ¢, its candidate feature set M,,,(t) contains all
the signal features S, then it will split on a signal feature as long as U (tjear) # 0. If there are
more than s nodes along the path that has volume larger than € and their candidate feature
set contains S, then the desirable features must have been exhausted at the leaf node, i.e.,

{‘{d € [D]: S C Muy(ta) and u(Ra) > €}

> s,Ae} C {U(teat) = 0, A} (B.71)

Further, note that, because pu(R;,) > Cou(Ry, ) > ... > C’;l, when d < loge/logC,, it
always holds that (R, ,) > € and therefore

{‘{d € [loge/logC,] : S C Mtry(td)}‘ > s, A, D > loge/log 07} (B.72)
C {U(tieat) = 0, Ae, D > loge/log C, } . (B.73)

Since for any node ¢, its candidate feature set Mi,,(t) has my,, features, we know

p—s ) s
Gy s) My - (Miey = 1)+ (g — 5 + 1) (mtr —3+1)
P(S C My, (t)) =——2 = & Y Y > Y > C5.
B M) =y = D st D) p—sT1
(B.74)
Since M,y (t) is independent of the path P, it follows that
Pepm <‘{d € [loge/logC,] : S C Mtry(td)}‘ > S‘D > log e/ log CV,D> (B.75)
>P(B(loge/logC,,,Cp,) > s) — 1(D € A) (B.76)
2
s

>1— —21 1  — —1(DeA B.

> exp( oge/logC, (cm 10g6/10g07)> (De A (B.77)

where B(n,p) denotes a Binomial distribution with n trails and success probability p and
the last inequaility follows from Hoeffding’s inequality. Thus, for any 0 < ¢ < exp((1 —

1/3/2)C3,/(slog(1/C,))), we have

2
s 1

CE—— ) > -C%.

( " loge/logCQ) -2

Denote 3
C = 2/ log(1/C,),

we have that for sufficiently large n

P (‘{d € [loge/logCy] : S C Mtry(td)}) > s’D(P) > loge/ log C’W,D) >1-C _1(De A (B.78)
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and thus it follows from (B.72) that
Py (U(tleaf) - @(D > log e/ log Cﬂ)) >1- _1(De A). (B.79)

Because P(D > loge/log C.,) — 1, by the Markov inequality, we know the random variable
P(D >loge/log C’V’D) % 1. Thus, we know

Py (U(tleaf) - @‘D) >1— € (D), (B.80)

where 7, (D, €) is a random variable only depend on D and 7, (D, €) % 0. Because that holds
for any €, we have

Pepry (Ultieat) = Q)‘D) LY
iii) Denote t5 to be the s-th node in a path P(tie.s) for s > 1. Based on the proof of
ii), let d be an integer that (roughly) equals to 152%7' Then u(R:,) > € and P(U(tq) =
@‘D) > 1— €%+ n,(D,€). When U(ty) =0, U(t,) # 0 implies s < d and u(R,,) > e. Thus,
P(3t € P(tiear), such that U(t) # 0 and u(R,) < €|D) < P(U(tg) # 0|D) < €€ — 1, (D, ).
Therefore, we have

€
P . in A*(R * )R ., k) > _CQCQmanSj—l}D
(te,@(tlfj})lﬁl]@) Lo in 1(Rea(vips k), Ber (s ) 2 G505

€
>P min min AT (R (v 1 k), Rer (770 k) > _0202maxj8j—1‘p
2P (L i win AR ) Rurliai ) 2 SCICE

— ¢ — (D, €),

thus, the proof follows from Lemma B.2.8. O]

Balanced root feature selection

Recall the definition of Ciue in (B.26), which appears in Theorem B.2.1. Recall that for
any tree T from RF, there are two different sources of randomness: the randomness of the
data D = ((x;,9:))i~, and the randomness from the candidate feature selection. Denote
M,y (t) C [p] to be the set of candidate features selected at node ¢ and note that M, (¢) and

the data D are independent.
Define the event A to be that, given data D, the maximum impurity decrease at the
split of root node for every signal feature k£ € U;S; is larger than that of any noisy feature

K ¢ Uij, that iS,

A={ min A} (Rt,go0, 1 (Vi B)s Riroor,r (V0 5)) > max AT (Ri,oo0 i (Virs k'), Revoor,r (v, k7)) } € 0(D). (B.81)
k€U, S; k' gu

355

Here o(D) is the sigma field induced by D. By definition A is independent of M,y (t00t)-
Note that it follows from Proposition B.2.4 that

Pp(A) -1 asn— oc.
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Theorem B.2.2. Assume that Cp,p < my,, < (1 —Cp)(p— s+ 1)+ 1 for some constant
Cm € (0,1). Condition on D = ((x;,y:))1, for any k € U;S;, we have

Pr (troor splits on feature k|D) > C5 — 1 4
and thus,

Croot(D) > C8 — 1 4c LN Cs asn — oo.

Proof. For any k € U;S;, define By, to be the event that only signal feature k is selected in
Mtry(troot)

By, & { My (troor) NU;S; = k and [ My (troot) \ UjS;| = miry — 1}
By, only depends on M,y (t100t) but does not depend on D. Note that
AN By, C {to0t splits on feature k}.
Thus,
Pr (t,00t splits on feature k|D) > Pr(By N A|D) > Pr (Bg|D) — Pr (A°|D) = P (Bg) — laec.

Moreover, we have that

(1) (1) (")
Mpry—1 Mtry \myry—1 Metry s—1

P(By) = = = =
O BN s B )
:‘972 (p_mtry_i> mtry > (p_mtry_3+2>81 mtry > (C°
co\ p—1—i p p—s+1 p — "

where the second equality follows from the identity where n = p — 1, h = s — 1, and
k= mgyy, — 1

(")
(%)

(")
(:)

O

Note that Theorem B.2.2 suggests that we want to chose my,, such that C,, is as large
as possible. From the constraint Cy,,p < myy < (1 — Cp,)(p — s+ 1) + 1 we obtain that
Co <(p—s+2)/(2p — s+ 1), where equality corresponds to the choice

1 — =2

Myry =

When p > s, myy ~ p/2 and C,, = 1/2.
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Combining results

Our major result in Theorem B.2.1 is formulated for the random (oracle) feature set F =
F(D,T,P). Note that this is an oracle feature set, as it depends on the true interactions Sj,
which are not known in practice. Further, note that given a tree T'= T'(D), we have that F
is independent of the data D, that is

F|T L1 D. (B.83)

From the analysis in Section B.2 we know that we can obtain a consistent estimate of the
oracle feature set F by thresholding on MDI as in F,. Recall that for a given e the (random)
set F. can easily be obtained without any knowledge of the true model. Also, note that the
property (B.83) does not hold for F.. Based on Proposition B.2.4, we observe the following.

Recall that Q is defined in (B.24), F is defined in (B.23), and F, is defined in (9.5) in

the main text. We have the following theorem.

Theorem B.2.3. Under the assumption of Proposition B.2.J it holds true that for any fized
€ >0,

Ppr) (9 | D) = 0; (B.84)
Por (F.¢ F|D) 50 (B.85)

4e

C
W) + %(D, E) with nn(D, 6) ﬂ) 0; (B86)
B~

P (7.2 F | D) < (

with C' as in Proposition B.2./.

Proof. (B.84) follows directly from Proposition B.2.4 ii) and the definition of {2y in (B.24).
To prove (B.85), one observes from Proposition B.2.4 i) that for any ¢ > 0, taking

€= %, the following happens with probability converging to one (as n — o)

o ToN

n * * € 2, v2max;s;—1 __
max, x| A7 (Rea(rigs k), Ber (s ) < O30 57 = e,

which implies that F. contains no irrelevant features. Thus,

lim inf P(D,T,P) (ﬁe g F) =1.
n—oo
Then by Markov inequality, we know Pp 1) (]:'E ¢ F ‘ D) 50.
To prove (B.86), we further note that by Proposition B.2.4 iii),

. . " “ N 4e
P ( min - min A7(Rei (774 k), Rer (34 k) > € D) >1- (W) — (D, €).
sY

tEP(tleaf) k‘eU(t)
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If

tEIP}?glIclaf) krenl}g) I( tl (’Yt,k ) L, (’Yt,k )) = €

and

mox dax AT (Rei(vigi k), Ber(vigi k) < e

, we know F. = F. Thus, we have

C
. de
Prrp) (J'l = F‘D) >1- (W) — (D, €). (B.87)

That completes the proof. O

Finally, we can combine Theorem B.2.1, Theorem B.2.2, and Theorem B.2.3 to prove
Theorem 9.4.1 in the main text.

Proof of Theorem 9.4.1. Assume that |S*| = § and S* = {(k,b1), ..., (ks b5)})} and let
(D, €) = max (P(P,T)(ng) + (D, €), P,y (Fe & ]:|D)> ;

with 7,,(D, €) as in Theorem B.2.3. It follows from Theorem B.2.3 that 7,(D,¢) % 0 as
n — 0o.

Proof of 1.:

Analog as in Theorem B.2.1, for any feature k € [p], let B* be the Bernoulli random variable
we draw when k appears for the first time on P. Recall the definition of F., in particular,
that (k,by) € F. only if X}, appears the first time on P. Thus, analog as for F (recall the
proof of Theorem B.2.1) we have that (k, —1) € F implies B¥ = —1 and (k,+1) € F implies
B* = +1. Thus,

(ST eFYyc{B" =bn...nB"=b}
and hence,

DWP(S*%) =Pp 1) (S* € F.|D)
<Pipr)(B"™ =b,N...N B" = b D)
=Pp(B" =bN...B" =b;) =27%.
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Proof of 2.:
Assume that S* is a union interaction. Then we have that

DWP(S¥) = P, (ST € F.D)
> Pp)(S* € FID) — P(P,T)(]:—e # F|D)

C
4e
EF@IK5£€fWW—-<5§E;a;;I> — (D, €)

c
. 4e
ZO5S—P Q5| D) — S omaxis.—1 —T]nD,E
(P,T)( 0| ) (CEC& 55 1) ( )

C
. 4
205”—<—;7£;::> — (D, €),
Cﬁ O %

where the second inequality follows from Corollary B.2.3 and the third inequality follows
from Theorem B.2.1.

Proof of 3.:
Assume that S* is not a union interaction. Then we have that

DWP(SF) = Pipry(S* € F.|D)
< Pip.1)(S* € FID) + Pipry(F. ¢ FID)
< 0.5°(1 — Croot(D)/2) 4+ 1 (D, €),

where the second inequality follows from Theorem B.2.2. O
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