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While classical statistical methods assume that we only ever test pre-specified hypotheses
about pre-specified models, the reality is that scientists often explore their data before coming
up with models and hypotheses of interest. We refer to the practice of using the same data to
generate and then test a hypothesis, or to fit and then evaluate a model, as double dipping.
Problems arise when standard statistical procedures for testing hypotheses or evaluating
models are applied in settings that involve double dipping. To circumvent the challenges
associated with double dipping, one can take two possible approaches. The first approach
is to develop specialized statistical procedures that account for double dipping. The second
approach is to avoid double dipping by conducting hypothesis generation and hypothesis
testing (or model fitting and model evaluation) on independent datasets. When we only
have access to one dataset, we typically accomplish this via sample splitting, in which we
split the observations in our dataset into two smaller datasets, such that one can be used for
hypothesis generation or model fitting, and the second can be used for hypothesis testing or
model evaluation.

The first portion of this thesis proposes a selective inference framework for conducting
inference after fitting a regression tree. Selective inference frameworks allow us to generate

and test a null hypothesis using the same data by conditioning on the event that the data



led us to select a given null hypothesis.

The second portion of this thesis is motivated by problems that arise in the analysis of
single-cell RNA sequencing data. In the analysis of single-cell RNA sequencing data, scien-
tists often first use their data to estimate latent variables, and then wish to either evaluate
these latent variable models or use these estimated latent variables for downstream inference.
The pipelines used for latent variable estimation are very complex, and so developing special-
ized procures to avoid double dipping in this setting would be very difficult. Furthermore,
these are unsupervised problems for which sample splitting is not an option: estimating
latent variable coordinates for half of the observations does not yield latent variable coordi-
nates for the remaining observations, and thus no downstream evaluation or inference can
be performed. To address these challenges, we propose Poisson count splitting, which splits
a single observation in a dataset into two components, which are independent under a Pois-
son assumption. We show that Poisson count splitting provides an alternative to sample
splitting that allows us to avoid double dipping in unsupervised settings. As single-cell RNA
sequencing data is often thought to be overdispersed relative to the Poisson distribution,
we next propose negative binomial count splitting, which allows us to avoid double dipping
under a more realistic and more general negative binomial assumption.

In the final portion of this thesis, we generalize the count splitting framework to a variety
of distributions, and refer to the generalized framework as data thinning. Data thinning is a
very general alternative to sample splitting that is useful far beyond the context of single-cell
RNA sequencing data, and, unlike sample splitting, can be applied in both supervised and

unsupervised settings.
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Chapter 1
INTRODUCTION

(Classical statistical methods are designed for testing pre-specified hypotheses about pre-
specified models. The reality of modern data analysis is that scientists often collect large
and complex datasets. They then carry out an exploratory process that involves visualizing
the data, fitting several models, evaluating these models to select their favorite, and then
testing hypotheses about these models. We refer to the practice of using the same dataset
for multiple tasks along this exploratory pipeline as double dipping. In this thesis, we focus

on two specific examples of double dipping.

Example 1: Using the same data to generate and test a null hypothesis.

Example 2: Using the same data to fit and evaluate a model.

In Example 1, if standard statistical tests are applied to data that was used to generate a
hypothesis, then these tests will not control the Type 1 error rate [Fithian et al., 2014, Taylor
and Tibshirani, 2015]. In Example 2, the double-use of data will lead to downward bias of
typical loss functions. This means that if we fit and evaluate several competing models with
the purpose of selecting one with the lowest value of the loss function, we will select overly
complex models that overfit the data.

In the case of Example 1, recent interest has focused on selective inference, a framework
that enables a data analyst to generate and test a hypothesis on the same data [Taylor
and Tibshirani, 2015, Fithian et al., 2014]. The main idea is to conduct inference using the
conditional distribution of the data given the event that the data led us to generate this
hypothesis. This framework has been applied to a number of problems, such as inference

after variable selection in regression [Loftus and Taylor, 2015, Lee et al., 2016, Tibshirani



et al., 2016], inference after changepoint detection [Hyun et al., 2016, Jewell et al., 2022],
and inference after clustering [Gao et al., 2022, Chen and Witten, 2023]. In Chapter 2 of
this thesis, we develop a selective inference framework for testing for a difference in means
between regions selected by a CART regression tree [Breiman et al., 1984] by conditioning
on the event that the CART tree selected the given regions. CART regression trees are
often lauded for being interpretable, but prior to our work, there was no way to rigorously
quantify the statistical significance of a split in a given CART regression tree. Thus, our
framework allows practitioners to ensure that they are interpreting signal, rather than noise,

when interpreting a CART tree.

While the selective inference framework provides a valuable way to circumvent the prob-
lems associated with double dipping in the context of regression trees, there are other sce-
narios in which selective inference frameworks are too inflexible to be practical. A regression
tree is an example of a hypothesis generation procedure that can be described algorith-
mically (i.e. we can analytically characterize the event that the CART algorithm selected
a particular set of regions). Selective inference frameworks cannot be used for hypothesis
generation procedures that cannot be described algorithmically (e.g. an expert observing
a graph). Furthermore, existing selective inference frameworks nearly always assume that
the data are Gaussian. Chapter 3 is motivated by instances of Example 1 that arise in the
analysis of single cell RNA sequencing data. In this setting, the typical assumption of Gaus-
sianity is inappropriate, and the hypothesis generation procedures tend to be too complex to
characterize the selection event analytically. The hypothesis generation procedures involve
many steps, from preprocessing to variable selection to UMAP visualization to clustering.
Different biologists may make slightly different choices at any given step of this preprocess-
ing pipeline, and it is impractical to develop a new selective inference framework for every
possible combination of choices.

In this complex setting, an appealing alternative is sample splitting [Cox, 1975]. We split
the observations in our dataset into a training set and a test set. We can then generate a

hypothesis based on the training set and test it on the test set (Example 1), or fit a model



to the training set and evaluate it on the test set (Example 2). Crucially, this procedure
is a flexible wrapper; it does not need to be tailored to individual hypothesis generation
procedures or specialized evaluation procedures. Unfortunately, traditional sample splitting
is not always an option in unsupervised scenarios related to Example 1 [Neufeld et al.,
2022a, Gao et al., 2022, Chen and Witten, 2023, Chen et al., 2021] and Example 2 [Bro
et al., 2008, Owen and Perry, 2009, Fu and Perry, 2020, Tibshirani and Walther, 2005].
In the analysis of single cell RNA sequencing data, scientists frequently cluster the cells to
estimate membership to discrete cell types, and then wish to test to see if a certain gene
has different average expression across two cell types. This involves testing a hypothesis
about average gene expression that was generated using the data (Example 1), and is the
motivating problem for Chapter 3. This is a setting in which traditional sample splitting is

not an option (see Gao et al. [2022] or Chen and Witten [2023] for more information).

To circumvent this problem, in Chapter 3, we develop Poisson count splitting, which
is a flexible alternative to sample splitting that allows us to avoid double dipping in this
unsupervised setting. Given a dataset X with n observations and p features, count splitting
returns a training set and a test set that each also have dimension n x p. Rather than
splitting the observations, we split each individual count X;; into X" and X using
binomial sampling. A classical result tells us that, if X;; ~ Poisson();;), then Xf;ain and
X}J‘?S‘t are independent and each follow Poisson distributions, where the parameter A;; has
been scaled by a known constant for each. This classical result has been used in other recent
papers to avoid double dipping in settings related to Example 1 and Example 2 in both
supervised and unsupervised settings [Chen et al., 2021, Leiner et al., 2022, Gerard, 2020,
Sarkar and Stephens, 2021, Oliveira et al., 2022]. After count splitting, a hypothesis can be
generated using X" and tested using X*s* (Example 1), or a model can be fit using X *2n
and evaluated using X*** (Example 2). In Chapter 3, we show that Poisson count splitting
is useful for the task of testing for differential expression of genes across estimated latent

variables (Example 1).

Single-cell RNA sequencing is often thought to be overdispersed relative to the Poisson



distribution [Choudhary and Satija, 2022], rendering a negative binomial assumption more
appropriate. If Poisson count splitting is applied to an observation X;; that actually follows
a negative binomial distribution, there is positive correlation between Xffain and X that
increases as the amount of overdispersion increases. If Poisson count splitting is applied in
such a setting, then the Type 1 error rate will not be controlled (Example 1), and model
evaluation techniques will favor models that overfit the training data (Example 2). In Chap-
ter 4, we extend Poisson count splitting to introduce negative binomial count splitting, which
uses a new result to split a single count X;; into independent training and test components
X};ai“ and X};St under the less restrictive and more general negative binomial assumption.
We also show that count splitting is useful in determining how many cell types to retain in
an analysis. By extending Poisson and negative binomial count splitting to create multiple
independent folds of data, we can develop a natural alternative to cross validation via sample
splitting that is useful for model evaluation and selection (Example 2).

Both Poisson and negative binomial count splitting are useful in contexts beyond the
analysis of single cell RNA sequencing data. They can be used for inference after hypothesis
generation or model evaluation in both supervised and unsupervised settings. Recognizing
this broad utility of the count splitting approach, in Chapter 5 we extend the count splitting
framework to a wide variety of distributions, and we name this generalized framework data
thinning. Specifically, whenever X;; comes from a convolution-closed distribution (a wide
class of distributions that includes the Gaussian, gamma, negative binomial, Poisson, and
binomial distributions), we provide a recipe for splitting X;; into M mutually independent
folds of data <Xi(j1), Cees XZ-(jM)) such that X;; = fozl X Z-(;n) , and each component follows the
same distribution as X, up to a known scaling of a parameter. This procedure leads to an
alternative to cross validation via sample splitting that can be applied in both supervised
and unsupervised settings.

We are not the first to propose an alternative to sample splitting that splits a single
realization of data (rather than splitting the observations). Inspired by Tian and Taylor

[2018]’s use of randomized responses, Rasines and Young [2022] define what they call the



(U, V')-decomposition, which injects independent noise W into a dataset X to create two
independent random variables U = u(X,W) and V = v(X,W). However, they do not
describe how to perform a (U, V')-decomposition other than in the special case of a Gaussian
random vector with known covariance. Our data thinning framework achieves the goal set
out in their paper, providing a concrete recipe for finding such decompositions in a broad
set of examples. Another paper with a similar goal is Leiner et al. [2022]. They define “data
fission”, which seeks to find random variables f(X) and g(X) for which the distributions
of f(X) and ¢g(X) | f(X) are known and for which X = h(f(X),g(X)). When these two
random variables are independent (which they describe as the “P1” property), their proposal
aligns with the goals of data thinning. However, like Rasines and Young [2022], they do not
provide a general strategy for performing P1-fission, and the only two examples they provide
are the Gaussian vector with known covariance and the Poisson: two decompositions which
were previously available in the literature.

In Chapter 6, we review the overall advantages and disadvantages of selective inference,
sample splitting, and data thinning in the context of Examples 1 and 2, and then discuss

ongoing work to extend and improve data thinning.



Chapter 2
SELECTIVE INFERENCE FOR REGRESSION TREES

The contents of this chapter are published in the Journal of Machine Learning Research

[Neufeld et al., 2022b].

2.1 Introduction

Regression tree algorithms recursively partition covariate space using binary splits to obtain
regions that are maximally homogeneous with respect to a continuous response. The Classi-
fication and Regression Tree (CART; Breiman et al. 1984) proposal, which involves growing
a large tree and then pruning it back, is by far the most popular of these algorithms.

The regions defined by the splits in a fitted CART tree induce a piecewise constant regres-
sion model where the predicted response within each region is the mean of the observations
in that region. CART is popular in large part because it is highly interpretable; someone
without technical expertise can easily read the tree to make predictions, and to understand
why a certain prediction is made. However, its interpretability belies the fact that CART
trees are highly unstable: a small change to the training dataset can drastically change the
structure of the fitted tree. In the absence of an established notion of statistical significance
associated with a given split in the tree, it is hard for a practitioner to know whether they
are interpreting signal or noise. In this chapter, we use the framework of selective inference
to fill this gap by providing a toolkit to conduct inference on hypotheses motivated by the
output of the CART algorithm.

Given a CART tree, consider testing for a difference in the mean response of the regions
resulting from a binary split. A very naive approach, such as a two-sample Z-test, that does

not account for the fact that the regions were themselves estimated from the data will fail



to control the selective Type 1 error rate: the probability of rejecting a true null hypothesis,
given that we decided to test it [Fithian et al., 2014]. Similarly, a naive Z-interval for the
mean response in a region will not attain nominal selective coverage: the probability that
the interval covers the parameter, given that we chose to construct it.

In fact, approaches for conducting inference on the output of a regression tree are quite
limited. Sample splitting involves fitting a CART tree using a subset of the observations,
which will naturally lead to an inferior tree to the one resulting from all of the observations,
and thus is unsatisfactory in many applied settings; see Athey and Imbens [2016]. Wager
and Walther [2015] develop convergence guarantees for unpruned CART trees that can be
leveraged to build confidence intervals for the mean response within a region; however, they
do not provide finite-sample results and cannot accommodate pruning. Loh et al. [2016]
and Loh et al. [2019] develop bootstrap calibration procedures that attempt to provide
confidence intervals for the regions of a regression tree. In Appendix A.1, we show that this
bootstrap calibration approach fails to provide intervals that achieve nominal coverage for
the parameters of interest in this chapter.

As an alternative to performing inference on a CART tree, one could turn to the condi-
tional inference tree (CTree) framework of Hothorn et al. [2006]. This framework uses a differ-
ent tree-growing algorithm than CART, and at each split tests for linear association between
the split covariate and the response. As summarized in Loh [2014], the CTree framework
alleviates issues with instability and variable selection bias associated with CART. Despite
these advantages, CTree remains far less widely-used than CART. Furthermore, while CTree
attaches a notion of statistical significance to each split in a tree, it does not directly allow for
inference on the mean response within a region or the difference in mean response between
two regions. Finally, while the CTree framework requires few assumptions, its inference is
based on asymptotics.

In this chapter, we introduce a finite-sample selective inference [Fithian et al., 2014]
framework for the difference between the mean responses in two regions, and for the mean

response in a single region, in a pruned or unpruned CART tree. We condition on the event



that CART yields a particular set of regions, and thereby achieve selective Type 1 error rate
control as well as nominal selective coverage.

The rest of this chapter is organized as follows. In Section 2.2, we review the CART
algorithm, and briefly define some key ideas in selective inference. In Section 2.3, we present
our proposal for selective inference on the regions estimated via CART. We show that the
necessary conditioning sets can be efficiently computed in Section 2.4. In Section 2.5 we
compare our framework to sample splitting and CTree via simulation. In Section 2.6 we
compare our framework to CTree on data from the Box Lunch Study. The discussion is in

Section 2.7. Technical details are relegated to the supplementary materials.
2.2 Background

2.2.1 Notation for regression trees

Given p covariates (Xi,...,X,) measured on each of n observations (z1,...,%y), let z;

denote the sth order statistic of the jth covariate, and define the half-spaces
Xjs1 = {z eERP: 2z < %’,(s)} , Xjs.0 = {z ERP:z; > %’,(s)} . (2.1)

The following definitions are illustrated in Figure 2.1.

Definition 2.1 (Tree and Region) Consider a set S such that R C RP for all R € S.
Then S is a tree if and only if (i) RP € S; (ii) every element of S \ RP equals RN xjs. for
some Re S, je{l,...,p}, se{l,...,n—1}, e € {0,1}; (iii) RN xjse € S implies that
RN xjsi-e €8 fore e {0,1}; and (iv) for any R,R' € S,RNR € {0,R,R'}. IfR€ S and

S s a tree, then we refer to R as a region.

We use the notation TREE to refer to a particular tree. Definition 2.1 implies that any region
R € TREE \{RP} is of the form R = NE ¥}, 5.¢;» Where for each [ = 1,..., L, we have that
ge{l,....p}, s €{l,...,n—1}, and ¢ € {0,1}. We call L the level of the region, and

use the convention that the level of R? is 0.
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Figure 2.1: The regression tree takes the form TREE = {RP, X1 1, X1.5.0) X1.51,1

X2,55,05 X1,s1,1 () X2,800}-  The regions Ra = X161 N X2s,1 and Rp = X161 N X2,5,0 are
siblings, and are children, and therefore descendants, of the region x; s, 1. The ancestors of
R4 and Rp are RP and x4, 1. Furthermore, R4, Rp, and x1s,,0 are terminal regions.

Definition 2.2 (Siblings and Children) Suppose that {R, RN x;s1, RN Xjs0} C TREE.
Then RN xjs1 and RN X, 0 are siblings. Furthermore, they are the children of R.

Definition 2.3 (Descendant and Ancestor) If R, R’ € TREE and R C R', then R is a

descendant of R, and R’ is an ancestor of R.

Definition 2.4 (Terminal Region) A region R € TREE without descendants is a terminal

region.

We let DESC(R, TREE) denote the set of descendants of region R in TREE, and we let
TERM(R, TREE) denote the subset of DESC(R, TREE) that are terminal regions.

Given a response vector y € R™, let §jr = (Zi:xieR i) / {311 Lwenr) }» where 1(4) is an
indicator variable that equals 1 if the event A holds, and 0 otherwise. Then, a tree TREE
induces the regression model /i(z) = > pcrppu(re rree) YR1(@er)- In other words, it predicts

the response within each terminal region to be the mean of the observations in that region.

2.2.2 A review of the CART algorithm [Breiman et al., 1984/

The CART algorithm [Breiman et al., 1984] greedily searches for a tree that minimizes the

sum of squared errors > ReTerM(RP,TRER) > iaer(Wi — Jr)?. It first grows a very large tree via
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recursive binary splits, starting with the full covariate space RP. To split a region R, it selects

the covariate x; and the split point x; ) to maximize the gain, defined as

GAINR (y,4,9) = > (yi — Jr)* — { > (wi- Thnx,..) + Y (i yRme,s,o)2} - (2.2)

i€R i€RNX;, 51 i€ RNX;,5,0
Details are provided in Algorithm 2.1.

Once a very large tree has been grown, cost-complexity pruning is applied. We define the
average per-region gain in sum-of-squared errors provided by the descendants of a region R,

> (yi—r)* — > > (yi — r)?

i ER rETERM(R,TREE) #:T;€T

R =
9(R, TRER, ) [TBRM (R, TREE) — 1

(2.3)

Given a complexity parameter A > 0, if g(R, TREE,y) < A for some R € TREE, then cost-
complexity pruning removes R’s descendants from TREE, turning R into a terminal region.

Details are in Algorithm 2.2, which involves the notion of a bottom-up ordering.

Definition 2.5 (Bottom-up ordering) Let TREE = {Ry,...,Rg}. Let m be a permuta-
tion of the integers (1,...,K). Then O = (Rﬂ(l), ey RF(K)) s a bottom-up ordering of the

regions in TREE if, for allk =1,..., K, (k) < w(j) if Ry € DESC(R;, TREE).

There are other equivalent formulations for cost-complexity pruning (see Proposition 7.2 in
Ripley [1996]); the formulation in Algorithm 2.2 is convenient for establishing the results in
this chapter.

To summarize, the CART algorithm first applies Algorithm 2.1 to the initial region R” and
the data y to obtain an unpruned tree, which we call TREE®(y). It then applies Algorithm 2.2
to TREE®(y) to obtain an optimally-pruned tree using complexity parameter A\, which we call

TREE(y).

Algorithm 2.1 (Growing a tree)
GROW (R, y)

1. If a stopping condition is met, return R.
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2. Else return {R, GROW (RN X;j:1,Y), GROW (RN X550, ¥)}, where

(57 '§) € arg maX(j,s):se{l,...,n—1},je{l,...,p} GAINR (yaja S) :

Algorithm 2.2 (Cost-complexity pruning) Parameter O is a bottom-up ordering of the
K regions in TREE.

PRUNE (TREE, y, A, O)

1. Let TREEy = TREE. Let K be the number of regions in TREE.
2. Fork=1,... K:

(a) Let R be the kth region in O.

(b) Update TREEy as follows, where g(-) is defined in (2.3):

TREEj_1 \ DESC(R, TREE;_1) if g(R, TREE,_1,y) < A,
TREE}, +

TREE}_1 otherwise.

3. Return TREE.

2.2.8 A brief overview of selective inference

Here, we provide a very brief overview of selective inference; see Fithian et al. [2014] or
Taylor and Tibshirani [2015] for a more detailed treatment.

Consider conducting inference on a parameter 6. Classical approaches assume that we
were already interested in conducting inference on 6 before looking at our data. If, instead,
our interest in # was sparked by looking at our data, then inference must be performed with
care: we must account for the fact that we “selected” # based on the data [Fithian et al.,
2014]. In this setting, interest focuses on a p-value p(Y') such that the test for Hy : 0 = 6,

based on p(Y’) controls the selective Type 1 error rate, in the sense that
Prigo—0, {p(Y) < a | 0 selected} < a, forall 0 < a < 1. (2.4)

Also of interest are confidence intervals [L(Y"), U(Y')] that achieve (1 — «)-selective coverage
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for the parameter #, meaning that
pr{0 € [L(Y),U(Y)] | 0 selected} > 1 — av. (2.5)

Roughly speaking, the inferential guarantees in (2.4) and (2.5) can be achieved by defining
p-values and confidence intervals that condition on the aspect of the data that led to the
selection of 0. In recent years, a number of papers have taken this approach to perform
selective inference on parameters selected from the data in the regression [Lee et al., 2016,
Liu et al., 2018, Tian and Taylor, 2018, Tibshirani et al., 2016], clustering [Gao et al., 2022],
and changepoint detection [Hyun et al., 2021, Jewell et al., 2022] settings.

In the next section, we propose p-values that satisfy (2.4) and confidence intervals that
satisfy (2.5) in the setting of CART, where the parameter of interest is either the mean

response within a region, or the difference between the mean responses of two sibling regions.

2.3 The selective inference framework for CART

2.3.1 Inference on a pair of sibling regions

Throughout this chapter, we assume that Y ~ N, (u, 0?1,,) with o > 0 known.

We let X € R™™P denote a fixed covariate matrix. Suppose that we apply CART with
complexity parameter \ to a realization y = (y1,...,¥y,)" from Y to obtain TREE*(y). Given
sibling regions R4 and Rp in TREE*(y), we define a contrast vector v, € R™ such that
1($i€RA) 1($i€RB)

(Vsib)i - Zn - n ) (26)

=1 1(331'/€RA) Zi’:l 1($i/€RB)

and v = (Lien, 1) [ {205 Loiera } = (Ziaiery 1) / {221 Lwienp) }- Now, consider
testing the null hypothesis of no difference in means between R4 and Rp, i.e. Hy: v ,pu =
0 versus H; : v5, o # 0. This null hypothesis is of interest because R4 and Rp appeared as
siblings in TREE*(y). A test based on a p-value of the form prg, (|v5,Y| > |vZ,y|) that does

not account for this will not control the selective Type 1 error rate in (2.4).
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To control the selective Type 1 error rate, we propose a p-value that conditions on the

aspect of the data that led us to select v, 4,
priy { Vi Y| > [v5y| | Ra, Rp are siblings in TREENY)} . (2.7)

But (2.7) depends on a nuisance parameter, the portion of x that is orthogonal to vg;. To
remove the dependence on this nuisance parameter, we condition on its sufficient statistic

P, Y, where P,y = I — vv/"/||[v||3. The resulting p-value, or “tree-value”, is defined as
psiv(y) = pr, {]VsTibY\ > |vi,yl | Ra, Rp are siblings in TREE’\(Y),PVJ;MY = Pj;iby}. (2.8)

Results similar to Theorem 2.1 can be found in Jewell et al. [2022], Lee et al. [2016], Liu
et al. [2018], and Tibshirani et al. [2016].

Theorem 2.1 The test based on the p-value pgip(y) in (2.8) controls the selective Type 1

error rate for Hy : v, = 0, where vy, is defined in (2.6), in the sense that
pri, {psin(Y) < | Ra, Rp are siblings in TREENY)} = q, forall0 < a < 1. (2.9)

Furthermore, psin(y) = pr {|¢\ > Vil | ¢ € Sﬁib(l/sib)} , where ¢ ~ N (0, ||vg]|202), i/ (¢, v) =
Pry+o(v/lIvl3), and

S2 (vein) = {¢ : Ra, Rp are siblings in TREEMy' (¢, veip) }}. (2.10)

Proofs of all theoretical results are provided in the appendix. Theorem 2.1 says that given

the set S2, (vsin), We can compute the p-value in (2.8) using
pan(y) =1 = F {|viyl; 0, [vainl30°, S5y (vain) } + F {=lvipyl: 0, [vainll30°, Sgip(vein) } , (2.11)

where F (- ;0, |[v||*0?,S) denotes the cumulative distribution function of the N (0, ||v|%0?)
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distribution truncated to the set S. In Section 2.4, we provide an efficient approach for
analytically characterizing the truncation set S%, (V). To avoid numerical issues associated
with the truncated normal distribution, we compute (2.11) using methods described in the
supplement of Chen and Bien [2020]. Note that the proof of Theorem 2.1, and consequently
the efficient computation of pg;(y) discussed in Section 2.4, relies on the assumption that
Y ~ N,(p,0%1,).

We now consider inverting the test proposed in (2.8) to construct an equitailed confidence

interval for v, i that has (1 — «)-selective coverage (2.5), in the sense that
pr{viyw € [L(Y),U(Y)] | Ra, Rp are siblings in TREEMY)} =1 — «. (2.12)

Proposition 2.3.1 For any 0 < o« < 1 and any realization y € R, the values L(y) and
Ul(y) that satisfy

F{v5ny: L(y), 0 vsinl13, o (vsin)} = 1 — a/2, F{uiy; Uy), o*llvssll3, S2ip(vsi)} = a/2, (2.13)

are unique, and [L(Y'),U(Y)] achieves (1 — a)-selective coverage for vi .

2.3.2  Inference on a single region

Given a single region R4 in a CART tree, we define the contrast vector v,.4 such that

<VT69>7: = ]'(xiERA)/ {Z 1(1‘#6]‘2,4)} . (214)
/=1

Then, v, u = (Zill‘iERA Ni) / {Z?:l l(xieRA)}. We now consider testing the null hypothesis
Hy : vy, i = c for some fixed c. Because our interest in this null hypothesis results from the
fact that R4 € TREE*(y), we must condition on this event in defining the p-value. We define

Preol) = oy { [V, Y =l = Wiy — el | Ra € TRERNY), P Y =PE g}, (215)

Vreg
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and introduce the following theorem.

Theorem 2.2 The test based on the p-value p,e,(y) in (2.15) controls the selective Type
1 error rate for Ho : vy, ,pu = c, where v,y is defined in (2.14). Furthermore, prey(y) =
prilé —cl = |Viegy — c| | & € Speg(Vieg) }  where ¢ ~ N(c, |[vregll30®) and, for y'(¢,v) =
Pry+ow/lvl),

S;\eg(u,,eg) = {¢: Ry € TREEMy/ (¢, Vreg) } }- (2.16)

Theorem 2 and the resulting efficient computations in Section 2.4 rely on the assumption
that Y ~ N, (1, 021,,).

We can also define a confidence interval for v, that attains nominal selective coverage.

Proposition 2.3.2 For any 0 < « < 1 and any realization y € R, the values L(y) and
Ul(y) that satisfy

F{VrTegy;L(y)aU2HVTegH%7S?\eg(’/reg)} =1-a/2, F{I/?Tegy; U(Q)aUQHVTegH%S?eg(VTegn =a/2,
(2.17)

are unique, and [L(Y),U(Y')] achieves (1 — a)-selective coverage for vy, .

In Section 2.4, we propose an approach to analytically characterize the set S;\eg(yreg) in

(2.16).

2.3.8  Intuition for the conditioning sets S (Vsip) and Sy, (Vreg)

reg

We first develop intuition for the set S, (vsy) defined in (2.10). From Theorem 2.1,

ZZ: 1 X, R ZZ: ]' T R
{yl(¢aysib)}i:yi_f‘(qs_ygiby){zn L (v Elts) 1(a:iERA)_Zn 1~ (v €RA) 1($iERB) .

=1 l(xi/ERAURB) =1 l(m‘i/ERAURB)

Thus, ¢ (¢, vsp) is a perturbation of y that exaggerates the difference between the observed
sample mean responses of R4 and Rp if |¢| > |v5,y|, and shrinks that difference if |¢p| <
[vT,y|. The set S, (vgp) quantifies the amount that we can shift the difference in sample

mean responses between R4 and Rp while still producing a tree containing these sibling
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regions. The top row of Figure 2.2 displays TREE’{y/(¢, vs)}, as a function of ¢, in an

example where S, (vg) = (—19.8, —1.8) U (0.9, 34.9).

¥ = V(v Vb)Y (-14.9,V1eg) Y'(5, vsib) ¥'(0, vsib) ¥'(40, vsip)
6 6 6 6
. . .
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~ % o Rs % o % o P
o 2 2 2 2 A T — 2 Pee . 2 0K '
5 LR R, TR A YL Tt
2 AR LD
) Pesa o A 0 P se o o 0 3o o . 0 P e .
i % o3 of % e 3 % o H % o B
At &, oM &, oM & N &,
2 e 2 e 2 S 2 e
.
.. .
-4 -4 * -4 -4
2 2 0 2 4 6 4 2 0 2 4 6 4 2 0 2 4 6 4 2 0 2 4 6 “
Feature 1 Feature 1 Feature 1 Feature 1 20
. y . 0
¥ = Y (Vieg¥sVreg) = ¥'(-10,vreg) Y'(5, Vreg) ¥'(0, Vreg) ¥'(40, Vreg)
-20
6 6 6 6 w0
4 . 4 K 4 . 4 K
~ % o - % o e
© 2 Pt s—— 2 he 2 L= L 2 -
5 23 R, % ° R
S o P s o e 0 e . 0 P s o 0
w 0 3 ° : e s
oA s %, oM o d Nt &
2 e . -2 23 -2 %o . 2
oo
-4 -4 -4 -4
4 2 0 2 4 6 4 2 0 4 6 4 2 0 2 4 6 4 2 0 2 4 6
Feature 1 Feature 1 Feature 1 Feature 1

Figure 2.2: Data with n = 100 and p = 2. Regions resulting from CART (A = 0) are
delineated using solid lines. Here, R4 = X1.260 N X2,721 and Rp = X1260 N X2.720.- 1op:
Output of CART applied to y/'(¢, vsip), where vgy in (2.6) encodes the contrast between R4
and Rp, for various values of ¢. The left-most panel displays y = v/ (v2,y, Vsip). By inspection,
we see that —14.9 € 8%, (vsp) and 5 € SY, (ve), but 0 & S%, (Vi) and 40 & S, (vgip). In fact,
S%,(vsiv) = (—19.8, —1.8)U(0.9, 34.9). Bottom: Output of CART applied to ¢/ (¢, vyeq), where
Vpeg i (2.14) encodes membership in R4. The left-most panel displays y = y' (V7. ¥, Vreg)-
Here, S (Vreg) = (—00,3.1) U (5.8,8.8) U (14.1, 00).

reg

We next develop intuition for SX (ve,), defined in (2.16). Note that {y/(d, vrey)}

reg i

Yi + (¢ — Vig¥) L(zicry), Where Y (@, vreq) is defined in Theorem 2.2. Thus, y'(¢, vyey) shifts
the responses of the observations in R4 so that their sample mean equals ¢, and leaves
the others unchanged. The set S;\eg(z/mg) quantifies the amount that we can exaggerate or
shrink the sample mean response in region R4 while still producing a tree that contains
R4. The bottom row of Figure 2.2 displays y/(¢, vy¢4) as ¢ is varied, in an example with

S0 (Vpeg) = (—00,3.1) U (5.8,8.8) U (14.1, 00).

reg
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2.4 Computing the conditioning sets S, (vs) and S, (Vrey)

reg
2.4.1 Recharacterizing the conditioning sets in terms of branches

We begin by introducing the concept of a branch.

Definition 2.6 (Branch) A branch is an ordered sequence of triples

B = ((j1,s1,€1),---,(jr,s5,er)) such that j, € {1,...,p}, s, €{1,...,n—1}, and ¢; € {0, 1}
forl=1,...,L. The branch B induces a nested set of regions R(B) = {R®, RY ... RF)},
where RV = ﬂ;,zl Xjyspey for 1=1,..., L, and RO = Rp.

For a branch B and a vector v, we define
SANB,v) = {gb : R(B) C TREEM/ (¢, 1/)}} ) (2.18)

For R € TREE, we let BRANCH(R, TREE) denote the branch such that R{BRANCH(R, TREE)}

contains R and all of its ancestors in TREE.

Lemma 2.1 Suppose that Ry, and Rp are siblings in TREE’\(y). Then R4 and Rp are
siblings in TREEMy' (¢, ve) } if and only if R[BRANCH{ R4, TREE*(y)}] € TREEM v/ (), vein) }-
Therefore, SY, (vsi) = SMBRANCH{ R4, TREE(y)}, Vsin], defined in (2.10) and (2.18).

Lemma 2.1 says that TREE*y/(¢, vs)} contains siblings R4 and Rp if and only if it
contains the entire branch associated with R4 in TREE*(y). However, Lemma 2.1 does
not apply in the single region case: for v,., defined in (2.14) and some R4 € TREE(y),
the fact that Ry € TREEMY/ (¢, Vpey)} does not imply that R[BRANCH{R 4, TREE*(y)}] C
TREEM Y/ (9, Vreg) }. Instead, a result similar to Lemma 2.1 holds, involving permutations of

the branch.

Definition 2.7 (Permutation of a branch) Let IT denote the set of all L! permutations
of (1,2,...,L). Given m € Il and a branch B = ((j1,$1,€1),---,(jr,SL,€r)), we say that
7 (B) =((Jr(1), (1), €x(1)), - - - » (Jn(L), Sx(L)s €x(L))) 5 a permutation of the branch B.
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Branch B and its permutation 7 (B) induce the same region R*), but R{m (B)} # R(B).

Lemma 2.2 Let Ry € TREEMy). Then Ra € TREEMY (¢, Vrey) } if and only if there exists a
7 € I such that R[r {BRANCHg, (y)}] € TREEMY/ (@, Vreg) }. Thus, for S}, (Vreg) in (2.16),

Speg(Vreg) = U S* (7 [BRANCH{ R4, TREE(y)}] , Vrey) - (2.19)

mell

Lemmas 2.1 and 2.2 reveal that computing S2, (vs) and S;\eg(l/reg) requires characterizing

sets of the form S*(B, v), defined in (2.18). To compute S, () we will only need to consider
SM(B,v) where R(B) C TREE*(y). However, to compute S}, (Veg), we will need to consider

SMm(B), v} where R(B) C TREE*y) but R{n(B)} € TREE*(y).

2.4.2  Computing S*B,v) in (2.18)

Throughout this section, we consider a vector v € R™ and a branch B = ((j1, $1,€1),---, (Jr, S5, €r)),
where R(B) may or may not be in TREE*(y). Recall from Definition 2.6 that B induces the
nested regions R = ﬂf,zl Xjpspep for 1 =1,... L, and R© = RP. Throughout this section,

our only requirement on B and v is the following condition.

Condition 2.1 For y'(¢,v) defined in Theorem 2.1, B and v satisfy {y'(¢,v)}, = yi +

Cll{mieR(L)} + cz1[%6{}%@_1}%“7%71_% N fori=1,...,n and for some constants c; and c,.

To characterize S*(B,v) in (2.18), recall that the CART algorithm in Section 2.2.2 in-
volves growing a very large tree TREE’(y), and then pruning it. We first characterize the

set
Syrou(B.v) = {6 : R(B) C TREE{y/ (6, 1)} }. (2.20)

Proposition 2.4.1 Recall the definition of GAINzu{y'(¢,v), j, s} in (2.2), and let S ;s =
{¢ : GAINR(FD{Q’(Q V)>j7 S} S GAINR(Z*I){y/((ﬁa V)?jh Sl}}- Then; Sgrow<87 y) = mlel ?:1 ﬂz;ll Sl,j,s-

Proposition 2.4.2 says that we can compute Sy,0, (B, ) efficiently.
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Proposition 2.4.2 The set S, is defined by a quadratic inequality in ¢. Furthermore,
we can evaluate all of the sets Syjs, forl =1,...,L, j =1,...,p, s =1,...,n—1, in
O {npL + nplog(n)} operations. Intersecting these sets to obtain Sgon(B, V) requires at most
O {npL x log(npL)} operations, and only O(npL) operations if B = BRANCH{ R 4, TREE*(y)}

and v is of the form vy, in (2.6).

Noting that S*(B,v) = {¢ € Sgrow(B,v) : RY) € TREEMy/(¢,v)}}, it remains to char-
acterize the set of ¢ € Sy,.0u(B, ) such that R%) is not removed during pruning. Recall that
g(+) was defined in (2.3).

Proposition 2.4.3 There exists a tree TREE(B, v, \) such that

L1

SMNB,v) = Sgrow(B,v) N (ﬂ {¢:g{RY, TREE(B, v, \),y/(¢,v)} > A}) : (2.21)
1=0

If R(B) € TREE*(y), then TREE(B,v,\) = TREE*(y) satisfies (2.21). Otherwise, given the

set Sgrow(B,v), computing a TREE(B,v,\) that satisfies (2.21) has a worst-case computa-

tional cost of O(n*p).

We explain how to compute a TREE(B, v, \) satisfying (2.21) when R(B) &€ TREE*(y) in the

supplementary materials.

Proposition 2.4.4 The set ﬂlL:_Ol {¢:g{RD, TREE(B,v,\),y/(¢,v)} > A} in (2.21) is the
intersection of the solution sets of L quadratic inequalities in ¢. Given TREE(B,v, ), the
coefficients of these quadratics can be obtained in O(nL) operations. After Syow(B,v) has
been computed, intersecting it with these quadratic sets to obtain S*(B,v) from (2.21) requires
O{npLxlog(npL)} operations in general, and only O(L) operations if B = BRANCH{ R, TREE*(y)}

and v = vgy, from (2.6).

The results in this section have relied upon Condition 2.1. Indeed, this condition holds

for branches B and vectors v that arise in characterizing the sets Sy, (Vsip) and Sy, (Vreg)-
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Proposition 2.4.5 If either (i) B = BRANCH{ R4, TREE*(y)} and v = v (2.6), where R4
and Ry are siblings in TREEM(y), or (ii) B is a permutation of BRANCH{ R, TREE*(y)} and

V = Upey (2.14), where Ry € TREEMy), then Condition 2.1 holds.

Combining Lemma 2.1 with Propositions 2.4.1-2.4.5, we see that S;\ib(l/sib) can be com-
puted in O{npL + nplog(n)} operations. However, computing S}, (V/reg) is much more com-
putationally intensive: by Lemma 2.2 and Propositions 2.4.1-2.4.5, it requires computing
S*(m [BRANCH{ R4, TREE*(y)}] , Vreg) for all L! permutations 7 € II, for a total of
O [L' {n®pLlog(pL)}] operations. In Section 2.4.3, we discuss ways to avoid these calcula-

tions.

2.4.3 A computationally-efficient alternative to S’ﬁ‘eg(yreg)

Lemma 2.2 suggests that carrying out inference on a single region requires computing
S*(m [BRANCH{ R4, TREE*(y)}] , Vreg) for every m € II. We now present a less computation-

ally demanding alternative.

Proposition 2.4.6 Let Q be a subset of the L! permutations in 11, i.e. () C II. Define

P2, (y) = pri, {|yfng —c| > vy —cl | U (R(r[BRANCH{RA, TREE}(y)}]) C TREE(Y)) , Py Y = P,j‘egy} .
TEQ

The test based on p?eg(y) controls the selective Type 1 error rate (2.4) for Hy : vy, p = c. Fur-
thermore, py(y) = pr {]qb — | > [y — ¢ | ¢ € Ureq S (T[BRANCH{RA, TREE* ()}, Vreg) }, where
¢ ~ N(c, [vregll307).

Using the notation in Proposition 2.4.6, pyeq(y) introduced in (2.15) equals pj,,(y). If we
take @ = {Z}, where Z is the identity permutation, then we arrive at

Preg) = P (16 — | = |viegy — cl | ¢ € S [BRANCH{ R, TREE(y) }, Vreg]) , (2.22)

where ¢ ~ N(c, ||Vyeq||302). The set S*BRANCH{ R4, TREE*(y)}, Vyey] can be easily computed

by Proposition 2.4.3.
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Compared to (2.15), (2.22) conditions on an extra piece of information: the ancestors of
R4. Thus, while (2.22) controls the selective Type 1 error rate, it may have lower power
than (2.15) [Fithian et al., 2014]. Similarly, inverting (2.22) to form a confidence interval
provides correct selective coverage, but may yield intervals that are wider than those in
Proposition 2.3.2. Proposition 2.4.6 is motivated by a proposal by Lee et al. [2016] to
condition on both the selected model (necessary information) and the signs of the selected
variables (extra information) in the lasso setting, to gain computational efficiency at the

possible expense of precision and power.

In Appendix A.6, we show through simulation that the loss in power associated with
using (2.22) rather than (2.15) is negligible. Thus, in practice, we suggest using (2.22) for

its computational efficiency. We use (2.22) for the remainder of this chapter.

Furthermore, we can consider computing confidence intervals of the form [Lsz (y), Usz (y)]

reg

rather than (2.17), where Lgz (y) and Usz (y) satisfy

F (ergy; Lgz (y),02||l/reg||§,5”\ [BRANCH{RA,TREE)‘(y)}, z/reg]> =1- %,

reg

F (ufegy; Usz (y),0%||Vregl|3, S [BRANCH{RA,TREEA(y)},yreg]) —

reg

SR

(2.23)

In Appendix A.6, we show that the confidence intervals resulting from (2.23) are not much
wider than those resulting from (2.17). We therefore make use of confidence intervals of the

form (2.23) in the remainder of this chapter.

2.5 Simulation study

2.5.1 Data generating mechanism

We simulate X € R™? with n = 200,p = 10, X;; s N(0,1), and y ~ N,(u,c?I,) with

o=>5and p; =bx [1,<0) X {1 4+ al(z,,50) + Lz, sxw:050) |- This p1 vector defines a three-

level tree, shown in Figure 2.3 for three values of a € R.
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e} X|<0{:\r—’ ' Xl<0
(1.750 ) (2p )
l X <0 l l x <0 ‘
(1.5b [ 2b | (1.5b | (2.5b |
’,X3SO ’ ])@50 [x350 ‘ |x350
26 J( b J(15p)[250)[ 0 ) (20 J( b J[ 20 | 8 |[ 0 |

Figure 2.3: The true mean model in Section 2.5, for a = 0.5 (left), a = 1 (center), and
a = 2 (right). The difference in means between the sibling nodes at level two in the tree is
ab, while the difference in means between the sibling nodes at level three is b.

2.5.2  Methods for comparison

All CART trees are fit using the R package rpart [Therneau and Atkinson, 2019] with
A = 200, a maximum level of three, and a minimum node size of one. We compare three
approaches for conducting inference. (i) Selective Z-methods: Fit a CART tree to the data.
For each split, test for a difference in means between the two sibling regions using (2.8), and
compute the corresponding confidence interval in (2.13). Compute the confidence interval
for the mean of each region using (2.23). (ii) Naive Z-methods: Fit a CART tree to the data.
For each split, conduct a naive Z-test for the difference in means between the two sibling
regions, and compute the corresponding naive Z-interval. Compute a naive Z-interval for
each region’s mean. (iii) Sample splitting: Split the data into equally-sized training and test
sets. Fit a CART tree to the training set. On the test set, conduct a naive Z-test for each
split and compute a naive Z-interval for each split and each region. If a region has no test
set observations, then we fail to reject the null hypothesis and fail to cover the parameter.
The conditional inference tree (CTree) framework of Hothorn et al. [2006] uses a different
criterion than CART to perform binary splits. Within a region, it tests for linear association
between each covariate and the response. The covariate with the smallest p-value for this
linear association is selected as the split variable, and a Bonferroni corrected p-value that

accounts for the number of covariates is reported in the final tree. Then, the split point
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is selected. If, after accounting for multiple testing, no variable has a p-value below a pre-
specified significance level «, then the recursion stops. While CTree’s p-values assess linear
association and thus are not directly comparable to the p-values in (i)—(iii) above, it is
the most popular framework currently available for determining if a regression tree split is
statistically significant. Thus, we also evaluate the performance of (iv) CTree: Fit a CTree
to all of the data using the R package partykit [Hothorn and Zeileis, 2015] with o = 0.05.
For each split, record the p-value reported by partykit.

In Sections 2.5.3-2.5.6, we assume that o is known. We consider the case of unknown o

in Section 2.5.7.

2.5.8  Uniform p-values under a Global Null

We generate 5,000 datasets with a = b = 0, so that Hy : v5, ;1 = 0 holds for all splits in all
trees. Figure 2.4 displays the distributions of p-values across all splits in all fitted trees for
the naive Z-test, sample splitting, and the selective Z-test. The selective Z-test and sample
splitting achieve uniform p-values under the null, while the naive Z-test (which does not
account for the fact that vy, was obtained by applying CART to the same data used for
testing) does not. CTree is omitted from the comparison: it creates a split only if the p-
value is less than a = 0.05, and thus its p-values over the splits do not follow a Uniform(0,1)

distribution.

2.5.4 Power

We generate 500 datasets for each (a,b) € {0.5,1,2} x {1,...,10}, and evaluate the power
of selective Z-tests, sample splitting, and CTree to reject the null hypothesis Hy : v5, 10 = 0.
As naive Z-tests do not control the Type 1 error rate (Figure 2.4), we do not evaluate their
power. We consider two aspects of power: the probability that we detect a true split, and
the probability that we reject the null hypothesis corresponding to a true split.

Given a true split in Figure 2.3 and an estimated split, we construct the 3 x 3 contingency

table in Table 2.1, which indicates whether an observation is on the left-hand side, right-
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Level 1 Level 2 Level 3

5 1.00 4 1.00 1.00

S 0.751 0.754 0.75
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9 0.50 1 0.50 4 0.50
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Figure 2.4: Quantile-quantile plots of the p-values for testing Hy : v}, = 0, as described
in Section 2.5.3. A naive Z-test (green), sample splitting (blue), and selective Z-test (pink)
were performed; see Section 2.5.2. The p-values are stratified by the level of the regions in
the fitted tree.

Table 2.1: A 3 x 3 contingency table indicating an observation’s involvement in a given
true split and estimated split. The adjusted Rand index is computed using only the shaded

cells
Estimated Split
In left region In right region In neither
In left region t1 to t3
True Split In right region Uy Us Uus
In neither U1 Uy VU3

hand side, or not involved in the true split (rows) and the estimated split (columns). To
quantify the agreement between the true and estimated splits, we compute the adjusted Rand
index [Hubert and Arabie, 1985] associated with the 2 x 3 contingency table corresponding
to the shaded region in Table 2.1. For each true split, we identify the estimated split for
which the adjusted Rand index is largest; if this index exceeds 0.75 then this true split is
“detected”. Given that a true split is detected, the associated null hypothesis is rejected
if the corresponding p-value is below 0.05. Figure 2.5 displays the proportion of true splits
that are detected and rejected by each method.

As sample splitting fits a tree using only half of the data, it detects fewer true splits, and

thus rejects the null hypothesis for fewer true splits, than the selective Z-test.
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When a is small, the difference in means between sibling regions at level two is small.
Because CTree makes a split only if there is strong evidence of association at that level,
it tends to build one-level trees, and thus fails to detect many true splits; by contrast, the
selective Z-test (based on CART) successfully builds more three-level trees. Thus, when a
is small, the selective Z-test detects (and rejects) more true differences than CTree between

regions at levels two and three.

a=0.5 a=1 a=2
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Figure 2.5: Proportion of true splits detected (solid lines) and rejected (dotted lines) for
CART with selective Z-tests (pink), CTree (black), and CART with sample splitting (blue)
across different settings of the data generating mechanism, stratified by level in tree. As
CTree only makes a split if the p-value is less than 0.05, the proportion of detections equals
the proportion of rejections.

2.5.5  Coverage of confidence intervals for vgu and vy, p

We generate 500 datasets for each (a,b) € {0.5,1,2} x {0,...,10} to evaluate the coverage

of 95% confidence intervals constructed using naive Z-methods, selective Z-methods, and
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sample splitting. CTree is omitted from these comparisons because it does not provide
confidence intervals. We say that the interval covers the truth if it contains v"p, where v is
defined as in (2.6) (for a particular split) or (2.14) (for a particular region). Table 2.2 shows
the proportion of each type of interval that covers the truth, aggregated across values of a
and b. The selective Z-intervals attain correct coverage of 95%, while the naive Z-intervals

do not.

It may come as a surprise that sample splitting does not attain correct coverage. Recall
that v from (2.6) or (2.14) is an n-vector that contains entries for all observations in both
the training set and the test set. Thus, v"u involves the true mean among both training
and test set observations in a given region or pair of regions. By contrast, sample splitting
attains correct coverage for a different parameter involving the true means of only the test

observations that fall within a given region or pair of regions.

2.5.6  Width of confidence intervals

Figure 2.6(a) illustrates that our selective Z-intervals for v, u can be extremely wide when
b is small, particularly for regions located at deeper levels in the tree. For each tree that we
build and for levels 1, 2, and 3, we compute the adjusted Rand Index [Hubert and Arabie,
1985] between the true tree (truncated at the appropriate level) and the estimated tree
(truncated at the same level). Figure 2.6(b) shows that our selective confidence intervals can

be extremely wide when this adjusted Rand Index is small, particularly at deeper levels of

the tree.

When b is small and the adjusted Rand Index is small, the trees built by CART tend to
be unstable, in the sense that small perturbations to the data affect the fitted tree. In this

setting, the sample statistics v,

gy fall very close to the boundary of the truncation set. See

Kivaranovic and Leeb [2021] for a discussion of why wide confidence intervals can arise in
these settings. The great width of our confidence intervals reflects the uncertainty about the

mean response within each region due to the instability of the tree-fitting procedure.
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Table 2.2: Proportion of 95% confidence intervals containing the true parameter, aggregated
over all trees fit to the 5,500 datasets generated with (a,b) € {0.5,1,2} x {1,...,10}.

T T
Parameter v, u Parameter v, 1

Level Selective Z Naive Z Sample Splitting Selective Z Naive Z Sample Splitting

1 0.951 0.889 0.918 0.948 0.834 0.915
2 0.950 0.645 0.921 0.951 0.410 0.917
3 0.951 0.711 0.921 0.950 0.550 0.921

—
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~—~—
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Median Confidence Interval Width
Median Confidence Interval Width

0.0 25 5.0 7.5 10.00.0 25 5.0 7.5 10.00.0 25 5.0 7.5 10.0 0.00 0.25 0.50 0.75 1.00
b Adjusted Rand Index (true vs. estimated tree)

Figure 2.6: The median width of the selective Z-intervals for parameter v, u for regions

at levels one (solid), two (dashed), and three (dotted) of the tree. Similar results hold for
parameter v%, . Panel (a) breaks results down by the parameters a and b, whereas panel
(b) aggregates results across values of parameters a and b, and displays them as a function
of the adjusted Rand Index between the true and estimated trees.

2.5.7 Results with unknown o

Thus far, we have assumed that ¢ is known. In this section, we compare the following three
versions of the selective Z-methods that plug different values of ¢ into the truncated normal

CDF when computing p-values and confidence intervals:

1. o: We plug in the true value of o, as in Sections 2.5.3-2.5.6.

n
2. Ocons: We plug in eons = \/(n — 1)1 > (y; — )2, where § =n~! > Vi
i=1

3. Ossk : Let 7 = |TERM (R?, TREE*(y)) | be the number of terminal regions in TREE? ().
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Figure 2.7: QQ plots of the p-values from testing Hy : vZ,u = 0 when pu = 0,, using the
selective Z-test with three different values plugged in to the truncated normal CDF for o.
The p-values are stratified by the level of the regions in the fitted tree.

We plug in dgsg = \/(n —T) 'S (i — 9:)?, where g; is the predicted value for the

ith observation given by TREE(y).

It is straightforward to show that E[62 ] > o2, for any value of E[y] = p. Thus, we
expect this estimate to lead to conservative inference. On the other hand, 62y can be made
arbitrarily small by making the fitted tree arbitrarily deep, and so we expect inference based
on this estimate to be anti-conservative if the fitted CART tree is large.

Figure 2.7 shows the distribution of p-values from testing Hy : vZ, ;= 0 with the three
versions of the selective Z-test under the data generating mechanism described in Section
5.1, with @ = b = 0. In this setting, vZ, ;n = 0 holds for all splits in all trees. We see almost
no difference between the three versions of the selective Z-test. In this global null setting,
E[62 ] = o2 Furthermore, the empirical bias of 62g; is small because the trees we grow
are not particularly large; as in the rest of Section 2.5, we build trees to a maximum depth

of 3 and prune with A = 200.

Figure 2.8 displays the proportion of true splits detected and the proportion of true splits
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detected and rejected, as defined in Section 2.5.4, for the three versions of the selective Z-test

when data is generated as in Section 2.5.4. For simplicity, we only show the setting where

a = 1. All three methods detect the same proportion of true splits, because they all perform

inference on the same CART trees. The proportion of splits detected and rejected is very

similar for o and dssg because dssg is a very good estimator for ¢ in this setting. While

Ocons Performs reasonably when b is small, it severely overestimates o and thus has low power

when b is large.
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Figure 2.8: Proportion of true splits detected (solid lines) and rejected (dotted lines) for
CART with the three versions of the selective Z-test. The results are stratified by level in

tree.

Table 2.3 displays confidence intervals for

p for the three versions of the

selective Z-intervals, where data is generated as in Section 2.5.5. As expected, Gons leads to

slight over-coverage and ossp leads to slight under-coverage.
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Parameter v, u Parameter v;, 1

Level g o cons a-SSE o &cons o SSE
1 0.95 0.98 0.95 0.95 0.98 0.94

2 0.95 0.97 0.94 0.95 097 0.94

3 0.95 0.96 0.94 0.95 096 0.94

Table 2.3: Proportion of 95% confidence intervals containing the true parameter, aggregated
over all trees fit to the 5,500 datasets generated with (a,b) € {0.5,1,2} x {1,...,10}

In this section, we have seen that when trees are not grown overly large, plugging in 6ssg
leads to approximate selective Type 1 error control, approximately correct selective coverage,
and good power. Unfortunately, providing theoretical guarantees for our procedures when
using dssg would be quite difficult, as the estimator is anti-conservative and depends on the
output of CART. Providing theoretical guarantees for our procedures under .., i8S more
straightforward, using ideas from Gao et al. [2022], Chen and Witten [2023], and Tibshirani
et al. [2018]. However, as shown in Figure 2.8, selective Z-tests based on d¢ons can have very
low power. One promising avenue of future work involves providing theoretical guarantees

in the regression tree setting for estimators that are less conservative than .qps.

2.6 An application to the Box Lunch Study

Venkatasubramaniam et al. [2017] compare CART and CTree [Hothorn et al., 2006] within
the context of epidemiological studies. They conclude that CTree is preferable to CART
because it provides p-values for each split, even though CART has higher predictive accuracy.
Since our framework provides p-values for each split in a CART tree, we revisit their analysis
of the Box Lunch Study, a clinical trial studying the impact of portion control interventions
on 24-hour caloric intake. We consider identifying subgroups of study participants with
baseline differences in 24-hour caloric intake on the basis of scores from an assessment that
quantifies constructs such as hunger, liking, the relative reinforcement of food (rrvfood),

and restraint (resteating).
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Figure 2.9: Left: A CART tree fit to the Box Lunch Study data. Each split has been
labeled with a p-value (2.8), and each region has been labeled with a confidence interval
(2.23). The shading of the nodes indicates the average response values (white indicates a
very small value and dark blue a very large value). Top right: A CTree fit to the Box Lunch
Study data. Bottom right: A scatterplot showing the relationship between the covariate
hunger and the response.

We exactly reproduce the trees presented in Figures 1 and 2 of Venkatasubramaniam
et al. [2017] by building a CTree using partykit and a CART tree using rpart on the Box
Lunch Study data provided in the R package visTree [Venkatasubramaniam and Wolfson,
2018]. We apply our selective inference framework to compute p-values (2.8) for each split in
CART, and confidence intervals (2.23) for each region. In this section, we use dgsg, defined
in Section 2.5.7, to estimate the error variance. The results are shown in Figure 2.9.

Both CART and CTree choose hunger<1.8 as the first split. For this split, our selective
Z-test reports a large p-value of 0.44, while CTree reports a p-value less than 0.001. The

conflicting p-values are explained by the difference in null hypotheses. CTree finds strong
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evidence against the null of no linear association between hunger and caloric intake. By
contrast, our selective framework for CART does not find strong evidence for a difference
between mean caloric intake of participants with hunger<1.8 and those with hunger>1.8.
We see from the bottom right of Figure 2.9 that while there is evidence of a linear relationship
between hunger and caloric intake, there is less evidence of a difference in means across the
particular split hunger=1.8. Given that the goal of Venkatasubramaniam et al. [2017] is to
“identify population subgroups that are relatively homogeneous with respect to an outcome”,
the p-value resulting from our selective framework is more natural than the p-value output
by CTree, since the former relates directly to the subgroups formed by the split, whereas the
latter does not take into account the location of the split point. In general, the left-hand panel
of Figure 2.9 shows that the subgroups of patients identified by CART are not significantly
different from one another. This is an important finding that would be missed without our
selective inference framework. Furthermore, unlike CTree, our framework provides confidence
intervals for the mean response in each subgroup.

An alternative analysis using 6..ns, defined in Section 2.5.7, is provided in Appendix A.8,

and leads to similar findings.

2.7 Discussion

Our framework relies on the assumption that Y ~ N, (u,c?I), with ¢ known. In Sec-
tion 2.5.7, we showed strong empirical performance when the variance is unknown and o2 is
estimated. In this section, we briefly comment on the assumptions of spherical variance and
normally distributed data.

It natural to wonder whether the assumption that Y ~ N, (u, 02I) can be relaxed to the
assumption that Y ~ N, (u,X), with ¥ known. Following the work of Lee et al. [2016], the
results in Section 2.3 extend to the setting where Y ~ N, (u, X)) if we:

vy vy

1. Modify (2.8) and (2.15) to condition on the event {(In — EWT) Y = (]n - Z"”T) y}

rather than the event {P}Y = Py}, where v = vy in the case of (8) and v = v, in
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the case of (15).

2. Replace all instances of the perturbation 3/(¢,v), defined in Theorem 2.1, with the

perturbation y”(¢,v) = <In — f}’g) Y+ I};qu.

Unfortunately, the modified perturbation y”(¢,r) does not satisfy Condition 2.1 in Sec-
tion 2.4.2 when ¥ # ¢%I,, and so many of the results of Section 2.4 do not extend to this
non-spherical setting. Future work could explore how to efficiently compute the conditioning
set in this non-spherical setting.

Furthermore, our framework assumes a normally-distributed response variable. CART
is commonly used for classification, survival [Segal, 1988], and treatment effect estimation
in causal inference [Athey and Imbens, 2016]. While the idea of conditioning on a selection
event to control the selective Type 1 error rate applies regardless of the distribution of the
response, our Theorem 2.1 and Theorem 2.2, and the resulting computational results, relied
on normality of Y. In the absence of this assumption, exactly characterizing the conditioning
set and the distribution of the test statistic requires further investigation.

We show in Appendix A.7 that our selective Z-tests approximately control the selective
Type 1 error when the normality assumption is violated. Tian and Taylor [2017] and Tib-
shirani et al. [2018] establish conditions under which selective p-values for linear regression
(derived under the assumption of normality) will be asymptotically uniformly distributed
under non-normality. Thus suggests the possibility of developing asymptotic theory for our
proposed selective Z-tests under violations of normality.

A reviewer pointed out similarities between the problem of testing significance of the first
split in the tree and significance testing for a single changepoint, as in Bhattacharya [1994].
Building on this connection may provide an avenue for future work.

A software implementation of the methods in this chapter is available in the R package

treevalues, at https://github.com/anna-neufeld/treevalues.
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Chapter 3

INFERENCE AFTER LATENT VARIABLE ESTIMATION FOR
SINGLE-CELL RNA SEQUENCING DATA

The contents of this chapter are published in Biostatistics [Neufeld et al., 2022a].

3.1 Introduction

Techniques for single-cell RNA sequencing (scRNA-seq) allow scientists to measure gene
expression of huge numbers of individual cells in parallel. Researchers can then investigate
how gene expression varies between cells of different states. In particular, we highlight two

common questions that arise in the context of scRNA-seq data:

Question 1. Which genes are differentially expressed along a continuous cellular
trajectory? This trajectory might represent development, activity level of an important
pathway, or pseudotime, a quantitative measure of biological progression through a

process such as cell differentiation [Trapnell et al., 2014].
Question 2. Which genes are differentially expressed between discrete cell types?

These two questions are hard to answer because typically the cellular trajectory or the cell
types are not directly observed, and must be estimated from the data. We can unify these
two questions, and many others that arise in the analysis of scRNA-seq data, under a latent
variable framework.

Suppose that we have mapped the scRNA-seq reads for n cells to p genes (or other
functional units of interest). Then, the data matrix X has dimension n x p, and Xj; is
the number of reads from the 7th cell that map to the jth gene. We assume that X is a

realization of a random variable X, and that the biological variation in E[X] is explained by
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a set of latent variables L € R™*. We wish to know which columns X of X are associated

with L. As L is unobserved, the following two-step procedure seems natural:

Step 1: Latent variable estimation. Use X to compute /L\(X ), an estimate of L.

Step 2: Differential expression analysis. For j = 1,...,p, test for association

between X; and the columns of L(X).

In this chapter, we refer to the practice of using the same data X to first construct L(X)
and second to test for association with ﬁ(X ) as “double dipping”.

Why is double dipping a problem? As we will see throughout this chapter, if we use
standard statistical tests in Step 2, then we will fail to control the Type 1 error rate. We now
provide intuition for this using a very simple motivating example. We generate X € Z‘;OOO x5,
where X;; ~ Poisson(5) for ¢ = 1,...,500 and j = 1,...,5. The distribution of counts for
each of the five genes is shown in the left column of Figure 3.1. The right panel of Figure 3.1
shows the result of (1) clustering the data by applying k-means with & = 2, and then (2)
testing for association between each gene and the estimated clusters (using a Wald p-value
from a Poisson generalized linear model). Even though all cells are drawn from the same
distribution, and thus all tested null hypotheses hold, all five p-values are small. The Type
1 error rate is not controlled, because the Wald test does not account for the fact that the
clustering algorithm is designed to maximize the difference between the clusters (see the
right panel of Figure 3.1).

Despite this issue with double dipping, it is common practice. Monocle3 and Seurat
are popular R packages that each contain functions for (1) estimating latent variables such
as clusters or pseudotime, and (2) identifying genes that are differentially expressed across
these latent variables. The vignettes for these R packages perform both steps on the same
data [Pliner et al., 2022, Hoffman et al., 2022]. Consequently, the computational pipelines
suggested by the package vignettes fail to control the Type 1 error rate. We demonstrate

this empirically in Appendix A of the supplementary materials.
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Figure 3.1: Left: Distributions of counts for five genes under a model where X;; ~
Poisson(5) for all genes and all cells. Right: Distributions of the same counts, colored
by estimated cluster, labeled with the Wald p-values from a Poisson GLM. All p-values are
small, despite the fact that all null hypotheses hold.
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Though no suitable solution has yet been proposed, the issues associated with this two-
step process procedure are well-documented: Lahnemann et al. [2020] cite the “double use of
data” in differential expression analysis after clustering as one of the “grand challenges” in
single cell RNA sequencing (Question 1), and Deconinck et al. [2021] note that the “circular-
ity” involved in the two-step process of trajectory analysis leads to “artificially low p-values”
for differential expression (Question 2).

In this chapter, we propose count splitting, a simple fix for the double dipping problem.
This allows us to carry out latent variable estimation and differential expression analysis
without double dipping, so as to obtain p-values that control the Type 1 error for the null
hypothesis that a given gene is not associated with an estimated latent variable.

In Section 3.2, we introduce the notation and models that will be used in this chapter. In
Section 3.3, we carefully examine existing methods for latent variable inference, and explain
why they are not adequate in this setting. In Section 3.4 we introduce our proposed method,

and in Sections 3.5 and 3.6 we demonstrate its merits on simulated and real data.

3.2 DModels for scRNA-seq data

Recall that X;; is the number of reads mapping to the jth gene in the ith cell, and that

X e Z;ﬁp is a realization from X. We assume that the entries in X are independent, with

where v1,...,7, are cell-specific size factors that reflect technical variation in capture ef-
ficiency of the mRNA molecules between cells, the n x p matrix A represents biological
variation, and the matrix L € R™* contains the unobserved latent variables. In (3.1),
B1; € R¥ and L; is the ith row of L. Throughout this chapter, we treat L, and thus A, as
fixed. Estimating 71,...,7, can be challenging. As size factor estimation is not the focus
of this chapter, we assume throughout that the 7; are either known or have been accurately

estimated.
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Based on (3.1), in this chapter we carry out the differential expression analysis step of
the two-step process introduced in Section 3.1 by fitting a generalized linear model (GLM)
with a log link function to predict X, using E(X ), with the ~; included as offsets. We note
that while the notation introduced in the remainder of this section is specific to GLMs, the
ideas in this chapter can be extended to accommodate alternate methods for differential
expression analysis, such as generalized additive models (as in Van den Berge et al. 2020 and

Trapnell et al. 2014).

Under the model in (3.1), the columns of the matrix log (A) are linear combinations of the
unobserved columns of L. However, they may not be linear combinations of the estimated
latent variables, i.e. the columns of E(X ). Thus, we need additional notation to describe
the population parameters that we target when we fit a GLM with Z(X ), rather than L, as
the predictor.

Let pg (-) denote the density function of the distribution belonging to the exponential
family specified by the GLM with mean 6. For any Z € R™** and random variable X € R"*?,
we define the population parameters targeted by fitting a GLM with a log link function to
predict X; (drawn from X;) using Z, with the v; included as offsets, to be:

(B (2.X)).61(2,X,) ) = argmax (EXM ,,,,, [Z 108 (2, cxp(ay o7 2) (X >)] )
ao€R,a1 €R P

(3.2)
where the expectation in (3.2) is taken over the true joint distribution of Xj,...,X,;.
We say that the jth gene is differentially expressed across a variable Z if f; (Z,X;) #
0. If the mean model in (3.1) holds and the distribution of X;; belongs to the family
specified by the GLM for i = 1,...,n, then 8 (L, X;) = f1; and Sy (L, X;) = By, from (3.1).
More generally, 5y(Z, X;) and 1(Z, X;) are the parameters that make H Pr; explao+a? z,) (Xij)
closest in Kullback-Leibler (KL) divergence to the true joint dlstnbutlon for Xy,,...,X
(see Wakefield 2013, Section 2.4.3).

nj

We denote the coefficient estimates that result from fitting a GLM with a log link function
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to predict a realized X; using Z, with the +; included as offsets, as

n

(Eo (Z,X,). (2, Xj)) — argmax Y log <p%exp(a0+a»ipzi> (Xij)). (3.3)

ap€R,a1 ERF i1
For the majority of this chapter, as in Wang et al. [2018], we assume the model
X S Poisson(v;A;), (3.4)

and let py(-) be a Poisson density. In Section 3.4.2, we discuss the case where X;; does not

follow a Poisson distribution and/or pa(-) is not a Poisson density.

3.3 Existing methods for latent variable inference

3.3.1 Motivating example

Throughout Section 3.3, we compare existing methods for differential expression analysis
after latent variable estimation on a simple example. We generate 2,000 realizations of
X € Zzzoo()xm, where X;; g Poisson(A;;). Fori=1,...,200, we let A;; =1for j=1,...,5
and A;; = 10 for j = 6,...,10. (This is an example of the model defined in (4.1) and (3.4)
with 1 = ... =, = 1l and f; = 0 for j = 1,...,10.) Under this mechanism, each cell
is drawn from the same distribution, and thus there is no true trajectory. Nevertheless,
for each dataset X, we estimate a trajectory using the first principal component of the
log-transformed data with a pseudocount of one. We then fit Poisson GLMs (with no size
factors) to study differential expression. Since all columns of A are constant, $,(Z,X;) =0
for all j and for any Z € R (see (3.2)). Therefore, any p-value quantifying the association
between a gene and an estimated trajectory should follow a Unif(0,1) distribution. As we

will see, most available approaches do not have this behavior.
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3.3.2  The double dipping method

The double dipping method refers to using the same data for latent variable estimation
and differential expression analysis, as in the two-step procedure in Section 3.1, without
correcting for this double use. As mentioned in Section 3.1, variants of this method are
used in the vignettes for the popular software packages Seurat [Hoffman et al., 2022] and
Monocle3 [Pliner et al., 2022]. In the context of the motivating example from Section 3.3.1,
this method attempts to do inference on the parameter [, (Z(X ) Xj), defined in (3.2), by
regressing X; on E(X ). Using notation from Section 3.2, the resulting Wald p-values have

the form

PrHo: B1(L(X),X;)=0 <‘,§1 (Z(X)>Xj>‘ > 31 (E (X) an) D : (3.5)

The right-hand side of the inequality in (3.5) uses the observed data to obtain both the
predictor and the response, while the left-hand side does not. Thus, Bl (E(X ), X j> is drawn
from 31 (E(X),Xj>, not 31 <Z(X),Xj>. To state the issue in a different way, we used
the data realization X to construct both the predictor f/(X ) and the response X in the
GLM, and did not account for this double use in determining the distribution of the test
statistic. Therefore, as shown in Figure 3.2(a), when we compute the p-value in (3.5) for

many realizations of X, the collection of p-values does not follow a Unif(0, 1) distribution.

3.8.8  Cell splitting

In some settings, it is possible to overcome the issues associated with double dipping by
splitting the observations into a training set and a test set, generating a hypothesis on the
training set, and testing it on the test set [Cox, 1975]. However, in the setting of this chapter,
splitting the cells in X does not allow us to bypass the issues of double dipping.

Why not? Suppose we estimate the latent variables using the cells in the training set,
X'train Ty test for differential expression using the cells in X' we need latent variable
coordinates for the cells in X''. However, it is not clear how to obtain latent variable

coordinates for the cells in X'' that are only a function of the training set and not the
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test set (i.e. can be written as L(X ™)), In the simple example from Section 3.3.1, after
computing the first principal axis of the log-transformed X" matrix, we could consider
projecting the log-transformed X' onto this axis to obtain coordinates for the cells in X,
Unfortunately, this projection step uses the data in X', and so the resulting estimated
coordinates must be written as L (Xtrain X test),

If we then fit a Poisson GLM to predict X;*" using L (Xtrain Xtest) “the Wald p-values

from this cell splitting procedure have the form

PrHO ﬁl( (Xtmm Xtegt) Xtegt (’61 ( Xtraln Xtest) X;est)’ ‘61 ( Xtram Xtest) X;est) D .
(3.6)

Unfortunately, (3.6) suffers from the same issue as (3.5): the right-hand side of the inequality
uses the same realization (X**") to construct both the predictor and the response, whereas
the left-hand side does not. Thus, the p-values from (3.6) do not follow a Unif(0, 1) distri-
bution, even when the columns of A are constants. Instead, they are anti-conservative, as

shown in Figure 3.2(a).

3.3.4 Gene splitting

In the same spirit as cell splitting, we now consider splitting the genes (features), rather than
the observations, to form X and Xt In this setting, L (X'rain) provides coordinates for
all cells in X, and we can obtain p-values for each gene X; that is not in X" by regressing
X; on E(X train) -~ The roles of X" and X' can be swapped to obtain p-values for the

remaining genes. This gene splitting procedure yields Wald p-values of the form

B ( (X trainy, X;est)
B ( (XY, X;rain)

/’8\ ( (Xtram) X;est)‘) if Xj c Xtest7

2 B\l (z (Xtest) ’X;rain)

PrHo Bl( (Xtram) X;est) (

: train
PrHo 51( (Xtest), X;rain) ( > if Xj e X .
As the coefficients on the right-hand side of these inequalities never use the same data
to construct the predictor and the response, these p-values will be uniformly distributed

over repeated realizations of X when the columns of A are constants. However, they are
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fundamentally unsatisfactory in scRNA-seq applications where we wish to obtain a p-value
for every gene with respect to the same estimated latent variable. Thus, gene splitting is not

included in Figure 3.2(a).

3.3.5 Selective inference through conditioning

We next consider taking a selective inference approach [Lee et al., 2016, Taylor and Tibshi-
rani, 2015] to correct the p-values in (3.5). This involves fitting the same regression model

as the method that double dips, but replacing (3.5) with the conditional probability

Pry o (ioox)—o ([P (200.X) | 2 B (200, ) |1 Tx) = 2(0). (37

The inequality in (3.7) is identical to that in (3.5), but under the conditioning event, (3.7)

can be rewritten as

B\l (Z(X>7 Xj) ) >

Py (00350 B(L0).X%)| LX) =1x),  (38)

such that both the left-hand and right-hand sides of the inequality use the same data to
construct the predictor and the response. Thus, over repeated realizations of X when the
columns of A are constants, the p-values in (3.7) follow a Unif(0, 1) distribution.

The approach in (3.7) is not suitable for the setting of this chapter. First, (3.7) can-
not be computed in practice. The selective inference literature typically modifies (3.7) by
conditioning on extra information for computational tractability. Conditioning on extra in-
formation does not sacrifice Type 1 error control, and the extra information can be cleverly
chosen such that the modified p-value is simple to compute under a multivariate normal-
ity assumption. Because scRNA-seq data consists of non-negative integers, a normality
assumption is not suitable, and so this approach does not apply. Second, as the condition-
ing event in (3.7) must be explicitly characterized, each choice of L(-) will require its own

bespoke strategy. This is problematic in the scRNA-seq setting, where many specialized
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techniques are used for pre-processing, clustering, and trajectory estimation. Zhang et al.
[2019] overcome this challenge in the context of clustering by combining cell splitting (Sec-
tion 3.3.3) with selective inference. The idea is to condition on the test set labeling event
{Z (X train X test) — L (X train X tESt)}, which can be characterized provided that the esti-
mated clusters are linearly separable. However, their work requires a normality assumption,

and does not extend naturally to the setting of trajectory estimation.

Selective inference is omitted as a comparison method in Figure 3.2(a) because we are
not aware of a way to compute (3.7) for Poisson data, even for our simple choice for L (+).
In Appendix B.3, we show that the selective inference method of Gao et al. [2022], which
provides finite-sample valid inference after clustering for a related problem under a normality
assumption, does not control the Type 1 error rate when applied to log-transformed Poisson

data.

3.3.6 Jackstraw

Much of the difficulty with applying a selective inference approach in the setting of this
chapter lies in analytically characterizing the conditioning event in (3.7) and (3.8). An
alternative approach is to try to compute a probability similar to (3.8), but without the
conditioning event. While the distribution of B (E(X),X]) is typically not analytically
tractable, its null distribution can be approximated via permutation. This is the idea behind
the jackstraw method of Chung and Storey [2015], which was originally proposed to test
for association between the principal components and features of a data matrix, and was
later extended to the clustering setting [Chung, 2020]. To make our discussion of jackstraw
congruent with the rest of this chapter, we instantiate the framework to our latent variable

GLM setting, and assume

X;; % H(Ayy),  log(Ayj) = Bo; + fiLi, By Li €R, (3.9)
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where H(u) is a distribution parameterized by its mean p. Compared to (4.1), we have
omitted the size factors and have assumed that the latent variable is one-dimensional, as these
are the assumptions made in the motivating example in Section 3.3.1. We have additionally

assumed that each element of X is independently drawn from a distribution H(-).

To test whether the jth gene is differentially expressed, jackstraw creates datasets X Permute,b
for b = 1,..., B by randomly permuting the jth column B times. Each dataset gives rise
to a GLM coefficient 3  L(XPermute.b) X permute b) and an associated standard error estimate

SE (,8 ( (X permute,by X permute, b)). The p-value for the jth gene is computed as

A (Rormeny xpme)| |5 (500X,
5 (v 7)) 5 (5 (500, 0))

(3.10)

%)~
I[]=
[y

where 1{-} is an indicator function which evaluates to 1 if the inequality is true and 0

otherwise.

Under the null hypothesis that 3;; = 0 in (3.9), XP™*> and X have the same distri-
bution. Furthermore, both sides of the inequality in (3.10) use the same data realization
to construct the predictor and the response. This suggests that under the null hypothesis
that £;; = 0 in (3.9), the distribution of the p-value in (3.10) will converge to Unif(0, 1) as
B — o0. This null hypothesis is slightly different than the ones tested in Sections 3.3.2-3.3.5,

which involved association between the jth gene and an estimated latent variable.

Unfortunately, carrying out jackstraw as described above is computationally infeasible,
as testing Hy : B1; = 0 for 7 = 1,...,p requires B x p computations of E() To improve
computational efficiency, Chung and Storey [2015] suggest randomly choosing a set of s genes
S, to permute to obtain XPermuteb for h = 1 ... B. Then, the p-value for the jth gene is

computed as

B\l (/L\(Xpermute b permute b) ’

( (X>7Xj>
L(Xpermute,b) Xpermute )) ( (Z(X),X]))
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Since all p genes are compared to the same reference distribution, only B total computations
of L(-) are needed. Unfortunately, the p-value in (3.11) only follows a Unif(0, 1) distribution if
the quantity on the right-hand side of the inequality in (3.11) follows the same distribution for
j=1,...,p. This does not hold in the simple example from Section 3.3.1, where the quantity
has a different distribution for the genes with A;; = 1 than those with A;; = 10. While
the collection of p-values aggregated across all of the genes appears to follow a Unif(0, 1)
distribution (Figure 3.2(a), left), some genes have anti-conservative p-values (Figure 3.2(a),

center) and others have overly conservative p-values (Figure 3.2(a), right).

3.3.7 PseudotimeDE

Song and Li [2021] recently proposed PseudotimeDE to test a gene’s association with an
estimated trajectory. Here, we present a slight modification of their proposal, which is
tailored to our setting but does not change the fundamental properties with respect to
the discussion. Implementation details are provided in Appendix B.4. For b = 1,..., B,
PseudotimeDE subsamples the cells in X to obtain X?, computes Z(X %), and then permutes
this vector to create II (Z(X b)), where TI(-) is a permutation operator. It then computes
E (H <E(Xb)> ,X;’) for each of the B subsamples, for B(, -) defined in (3.3). The empirical
p-value for the jth gene is given by

B

) )} e
i=1

While it is not entirely clear what null hypothesis PseudotimeDE is designed to test, we can
see that there is a problem with the p-value in (3.12). On the right-hand side of the inequality
in (3.12), there is association between the predictor and the response in the GLM due to
the fact that both are generated from the data X. On the left-hand side of the inequality
in (3.12), permuting E(X %) disrupts the association between the predictor and the response.
Thus, even in the absence of any signal in the data, the quantity on the right-hand side of

(3.12) does not have the same distribution as the quantity on the left-hand side of (3.12).
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As shown in Figure 3.2(a), under our simple example where there is no true trajectory, the

p-values from (3.12) are anti-conservative.
3.4 Count splitting

3.4.1 Method

In Sections 3.3.3 and 3.3.4, we saw that cell splitting and gene splitting are not suitable
options for latent variable inference on scRNA-seq data. Here, we propose count splitting,
which involves splitting the expression counts themselves, rather than the genes or the cells,
to carry out latent variable estimation and differential expression analysis. The algorithm is

as follows.

Algorithm 3.1 (Count splitting for latent variable inference) For a constant € with

0<e<l,

Step 0: Count splitting. Draw X7 | {X;; = Xj;} S Binomial (Xij,€), and let
Xtest — X _ Xtraln'

Step 1: Latent variable estimation. Compute L (X train)

Step 2: Differential expression analysis. For j =1,... p,

(a) Fit a GLM with a log link to predict X3 using L(X™m) with the ; included as
offsets. This provides B, < (X train) | X]'?eSt> an estimate of 51 ( (X train) | X;-eSt).

(b) Compute a Wald p-value for Hy : [3 ( (Xtrain) | X;.‘*‘t) =0ws. Hy: [ ( (Xtrain) |
0, which takes the form

Pry. oy ey (B (ECCT0,550) 2 B (E (2 x5 ). .13

Note that in Step 2(b), we are computing a standard GLM Wald p-value for a regression

of X;*" onto Z(X train)  The next result is a well-known property of the Poisson distribution.

XEest) ?é
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Figure 3.2: Uniform QQ-plots of p-values under the null. (a): The data are Poisson.
P-values are displayed for the p = 10 genes in each of 2000 datasets generated as described
in Section 3.3.1. The left-hand panel shows all of the genes aggregated, whereas the center
and right panels break the results down by the value of A;;. (b): The data are negative
binomial. P-values are displayed for the p = 10 genes in each dataset for the simulation
described in Section 3.4.2. Results are broken down by the magnitude of % As % increases,
the correlation between X" and X't increases, and the performance of count splitting
approaches that of the double dipping method.
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Proposition 3.4.1 (Binomial thinning of Poisson processes) IfX;; ~ Poisson(v;\;j),
then Xg-ai“ and nge»St, as constructed in Algorithm 8.1, are independent. Furthermore,
X~ Poisson(ev;Aij) and X[ ~ Poisson((1 — €)y;Ai;). See Durrett [2019], Section

3.7.2, for details.

This means that in (3.13), under a Poisson model, the predictor and the response are
independent on both sides of the inequality. Consequently, the p-value in (3.13) will retain
all standard properties of a GLM Wald p-value: e.g. control of the Type 1 error rate for
Hy: B <E(X train) X}eSt> = 0 when n is sufficiently large. Furthermore, when n is sufficiently
large, we can invert the test in (3.13) to obtain confidence intervals with 100 x (1 — a)%
coverage for the parameter [3; (E(X frain) X;-e“).

We now consider the parameter [3; <E(X train),X}eSt) Suppose that for any matrix M
and scalar a, the function L(-) satisfies L(aM) oc L(M). In this case, Proposition 3.4.1 says
that L (E[Xtrain]) = L (¢E[X]) « L (E[X]). Furthermore, if log (E[X;]) = Bo + BT L;, then
log (E[X!']) = log(1 — €) + fo + B{ L;. Therefore, 5, (E(X t”‘i“),XE-ESt) is closely related
to 34 <E(X ), Xj), the parameter (unsuccessfully) targeted by the double dipping method
(Section 3.3.2).

Remark 3.1 The key insight behind Algorithm 3.1 is that, under a Poisson assumption, a
test for association between L (Xtrain) and XU that uses L (X'rain) and X will inherit
standard statistical guarantees, despite the fact that L (X”ai“) and X;e“ are functions of
the same data. This insight did not rely on the use of a GLM or a Wald test in Step 2 of

Algorithm 3.1. Thus, other approaches could be used to quantify this association.

Figure 3.2(a) shows that count splitting with € = 0.5 produces uniformly distributed p-values
for all genes in the example described in Section 3.3.1, using a Poisson GLM in Step 2 of
Algorithm 3.1. We explore more values of € and more complicated scenarios in Section 3.5.

Count splitting is a special case of “data fission”, proposed in a preprint by Leiner et al.
[2022] while this chapter was in preparation. While the data fission framework is broad

enough to encompass this latent variable setting, Leiner et al. [2022] focus on comparing data
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fission to sample splitting in supervised settings where the latter is an option. In unsupervised
settings, where sample splitting is not an option (as seen in Section 3.3.3), ideas similar to
count splitting have been applied by Batson et al. [2019] and Chen et al. [2021] for tasks such
as evaluating the goodness-of-fit of a low-rank approximation of a matrix. We elaborate on
connections to Batson et al. [2019] in Appendix B.2 of the supplementary materials. Finally,
Gerard [2020] suggest applying binomial thinning to real scRNA-seq datasets to generate
synthetic datasets to use for comparing and evaluating scRNA-seq software packages and
methods, and this approach is used in the supplement of Sarkar and Stephens [2021] to

compare various scRNA-seq models.

3.4.2  What if the data are not Poisson?

The independence between X" and X" in Proposition 3.4.1 holds if and only if X;; has
a Poisson distribution [Kimeldorf et al., 1981]. Thus, if we apply Algorithm 3.1 to data that
are not Poisson, there will be dependence between the predictor and the response on the
right-hand side of the inequality in (3.13), and the p-value in (3.13) will not be uniformly
distributed under Hj.

Wang et al. [2018] argue that the Poisson model is sufficient to model scRNA-seq data.
Townes et al. [2019] advocate modeling the counts for each cell with a multinomial dis-
tribution. When the number of genes is large, the elements of the multinomial can be
well-approximated by independent Poisson distributions, and indeed the authors rely on
this approximation for computational reasons. Similarly, Batson et al. [2019] assume that
X,; ~ Binomial(€2;;, p;), but note that typically €;; is large and p; is small, so that a Poisson
approximation applies.

Sarkar and Stephens [2021] advocate pairing a Poisson measurement model for scRNA-
seq data with a separate expression model to account for overdispersion compared to the

Poisson model. For example, a Gamma expression model leads to

Xij ‘ {Tij = Tz’j} ~ Poisson <AijTij) y Tij ~ Gamma(bj, bj), <314)
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where we have omitted size factors for simplicity. This induces a negative binomial marginal

2
distribution on X;;, where E[X;;] = A;; and Var (X;;) = A;; + /Z—]] If X;; is drawn from

(3.14) and Algorithm 3.1 is applied, then X" and X each follow negative binomial
distributions, with E[X{*"| = e E[X;;] and E[X'*'] = (1 — ¢) E[X] [Harremoés et al., 2010].

train

Our next result, proven in Appendix B.5.1, quantifies the correlation between X;7*" and

X5t in this setting.

Proposition 3.4.2 Suppose that X;; follows a negative binomial distribution with expected

2
A2
bj

value N\;; and variance A;j + =2. If we perform Step 0 of Algorithm 3.1, then

e(1—¢)
2 -
\/e(l—e)—i—[f—%j—i—f;

Cor (X5, X{e) = (3.15)

To investigate the performance of count splitting under overdispersion, we generate
datasets under (3.14) with n = 200 and p = 10. For each dataset, A;; = A =5fori=1,...,n
and j =1,...,p,and b; = b for j = 1,...,p, so that every element of X is drawn from the
same distribution. We generate 500 datasets for each value of b € {50,10,5,0.5}, so that
% € {0.1,0.5,1,10}. Figure 3.2(b) displays the Wald p-values that result from running Al-
gorithm 3.1 with a negative binomial GLM in Step 2, for all genes across all of the simulated
datasets.

The denominator of (3.15) in Proposition 3.4.2 shows that % determines the extent of
correlation between X" and X's* in this setting. As shown in Figure 3.2(b), when %
is small, count splitting produces approximately uniformly distributed p-values, and thus
comes very close to controlling the Type 1 error rate. As % grows, the performance of count
splitting approaches that of the double dipping method discussed in Section 3.3.2. Thus,
count splitting tends to outperform the double dipping method, and in the case of extremely
high overdispersion will be no worse than the double dipping method. For the real scRNA-
seq dataset considered in Section 3.6, we show in Appendix B.6 that the majority of the

estimated values of /Z—]J are less than 1.
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3.4.8 Choosing the tuning parameter €

The parameter € in Algorithm 3.1 governs a tradeoff between the information available for
estimating L and the information available for carrying out inference. Proposition 3.4.3,
proven in Appendix B.5.2, formalizes the intuition that X" will look more similar to X

when € is large.
Proposition 3.4.3 If X;; ~ Poisson(v;A;;), then Cor(X;, X{5") = y/e.

Thus, as € decreases, we expect L(X'™™) and L(X) to look less similar. This is a draw-
back, as scientists would ideally like to estimate L using all of the data. However, as €
increases, the power to reject false null hypotheses in Step 2(b) of Algorithm 3.1 decreases.

Proposition 3.4.4, proven in Appendix B.5.3, quantifies this loss of power.

Proposition 3.4.4 Let X;; %S Poisson (i exp(Bo;j + P1jLi)). Then Var (Bl(L,X;e“)) ~
L Var (Bi(L, X))

In the ideal setting where E(X train) — [, and L € R™! for simplicity, using Xt rather than
X; as the response inflates the variance of the estimated coefficient by a factor of i Thus,
when € is large, Step 2(b) of Algorithm 3.1 has lower power. In practice, we recommend
setting € = 0.5 to balance the dual goals of latent variable estimation and downstream

inference.

3.5 Simulation study

3.5.1 Data generating mechanism

We generate data from (4.1) and (3.4) with n = 2700 and p = 2000. We generate the size
factors ~; %S Gamma (10,10) and treat them as known. Throughout this section, whenever
we perform count splitting, we fit a Poisson GLM in Step 2 of Algorithm 3.1 and report
Wald p-values.
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In this section, we investigate the performance of count splitting under two data-generating
mechanisms: one generates a true continuous trajectory and the other generates true clus-
ters. To generate data with an underlying trajectory, we set L = (In - %HT) 7, where
7, % N(0,1). Under (4.1), L is the first principal component of the matrix log(A). To
estimate L, we take the first principal component of the matrix log(diag(y)~'X + 117). To
generate data with underlying cell types, we let L; £ Bernoulli(0.5) in (4.1), indicating
membership in one of two cell types. We estimate L by running k-means with £ = 2 on the
matrix log (diag(y) ™' X + 117). (In each case, we have used a pseudocount of one to avoid
taking the log of zero.)

In our primary simulation setting, the value fy; for each gene is randomly chosen to be
either log(3) or log(25) with equal probability, such that the data includes a mix of low-
intercept and high-intercept genes. For each dataset, we let 51; = 0 for 90% of the p genes.
Under (4.1), Ay; = ... = A,; for these genes and thus (3 (Z,X;) = 0 for any estimated
latent variable Z. Thus, we refer to these as the null genes. The remaining 10% of the genes
have the same non-zero value of j3;; these are the differentially-expressed genes. For each
latent variable setting, we generate 100 datasets for each of 15 equally-spaced values of (3;

in [0.18, 3].

3.5.2  Type 1 error results

Figure 3.3(a) shows that count splitting controls the Type 1 error rate for a range of €
values for the 90% of genes for which 8;; = 0 in datasets that are generated as specified in

Section 3.5.1.

3.5.8  Quality of estimate of L

As mentioned in Section 3.4.3, smaller values of € in count splitting compromise our ability to
accurately estimate the unobserved latent variable L. To quantify the quality of our estimate
of L, in the trajectory estimation case we compute the absolute value of the correlation

between L and L (X train), and in the clustering setting we compute the adjusted Rand index



23

[Hubert and Arabie, 1985] between L and L (X'rain). The results are shown in Figure 3.3(b).
Here, we consider three settings for the value of fy;: (i) each gene is equally likely to have
Bo; = log(3) or By; = log(25) (as in Section 3.5.2); (ii) all genes have fy; = log(3) (“100%
low-intercept” setting); and (iii) all genes have fy; = log(25) (“100% high-intercept” setting).
The 100% low-intercept setting represents a case where the sequencing was less deep, and
thus the data more sparse.

After taking a log transformation, the genes with fy; = log(3) have higher variance than
those with fy; = log(25). Thus, there is more noise in the “100% low-intercept” setting than
in the “100% high-intercept” setting. As a result, for a given value of €, the “100% low-
intercept” setting results in the lowest-quality estimate of L. Estimation of L is particularly
poor in the “100% low-intercept” setting when e is small, since then X' contains many
zero counts. This suggests that count splitting, especially with small values of e, is less

effective on shallow sequencing data.

3.5.4  Power results

For each dataset and each gene, we compute the true parameter [3; (Z (X trai“) , X;eSt> defined
in (3.2). For a Poisson GLM (i.e. py() in (3.2) is the density of a Poisson(f) distribution),
it is straightforward to show that we can compute [3; (E (X train) ,X;eSt> by fitting a Poisson
GLM with a log link to predict E [X;] using L (X'rain)  with the v; included as offsets.
Figure 3.3(c) shows that our ability to reject the null hypothesis depends on this true
parameter, as well as on the value of €. These results are shown in the setting where 50%
of the genes have intercept log(3) and the other 50% have intercept log(25). The impact of
€ on power is more apparent for genes with smaller intercepts, as these genes have even less
information left over for inference when (1 —¢) is small. This result again suggests that count
splitting will work best on deeply sequenced data where expression counts are less sparse.
As suggested by Section 3.4.3, Figures 3.3(a) and 3.3(c) show a tradeoff in choosing €: a
larger value of € improves latent variable estimation, but yields lower power for differential

expression analysis. In practice, we recommend choosing ¢ = 0.5.
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Figure 3.3: (a) Uniform QQ plots of GLM p-values for all null genes from the simulations
described in Section 3.5.1. (b) Quality of estimate of L, as defined in Section 3.5.3, as a func-
tion of f;; and the percent of low-intercept genes in the dataset. (¢) The proportion of null
hypotheses that are rejected, aggregated across all non-null genes for all datasets generated

with 50% low-intercept and 50% high-intercept genes. The parameter (3 (ﬁ(X t]“”J‘i“),X;-‘ESt>
is defined in (3.2).

3.5.5  Coverage results

For each dataset and each gene, we compute a 95% Wald confidence interval for the slope
parameter in the GLM. As shown in Table 3.1, these intervals achieve nominal coverage for

the target parameter 3; (E (X train) ,X;eSt) , defined in (3.2) and computed as in Section 3.5.4.

Trajectory Estimation Clustering

Low Intercept High Intercept Low Intercept High Intercept

Null genes 0.950 0.950 0.949 0.950
Non-null genes 0.955 0.956 0.949 0.950

Table 3.1: The proportion of 95% confidence intervals that contain (3 (Z (X train) ,X;.eSt),
aggregated across genes and across values of e.
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3.6 Application to cardiomyocyte differentiation data

Elorbany et al. [2022] collect single-cell RNA-sequencing data at seven unique time points
(over 15 days) in 19 human cell lines. The cells began as induced pluripotent stem cells
(IPSCs) on day 0, and over the course of 15 days they differentiated along a bifurcating
trajectory into either cardiomyocytes (CMs) or cardiac fibroblasts (CFs). We are inter-
ested in studying genes that are differentially expressed along the trajectory from IPSC to
CM. Throughout this analysis, we ignore the true temporal information (the known day of
collection).

Starting with the entire dataset X, we first perform count splitting with ¢ = 0.5 to
obtain X' and X't We then perform the lineage estimation task from Elorbany et al.
[2022] on X" to come up with a subset of 10,000 cells estimated to lie on the IPSC to
CM trajectory. We retain only these 10,000 cells for further analysis. In what follows, to
facilitate comparison between the double dipping method and our count splitting approach,
we will use this same subset of 10,000 cells for all methods, even though in practice the
double dipping method would have chosen the lineage subset based on all of the data, rather
than on X8 alone.

Next, we estimate a continuous differentiation trajectory using the orderCells() func-
tion from the Monocle3 package in R [Pliner et al., 2022]. Details are given in Appendix B.7.
To estimate the size factors 71,...,7, in (3.4), we let 4;(X) be the normalized row sums of
the expression matrix X, as is the default in the Monocle3 package. Throughout this section,

for j =1,...,p, we compare three methods:

Full double dipping: Fit a Poisson GLM of X, on E(X) with 4;(X) included as offsets.

Count splitting: Fit a Poisson GLM of XI** on L(X i) with 4;(X'*) included as

offsets.

Test double dipping: Fit a Poisson GLM of X*' on L(X') with 4;(X'**") included as

offsets.
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For each method, we report the Wald p-values for the slope coefficients. The test double
dipping method is included to facilitate understanding of the results from the other two
methods. We show in Appendix B.6 that the estimated overdispersion parameters are rela-
tively small for this dataset, justifying the use of count splitting and Poisson GLMs in each of
the methods above. In conducting count splitting, we ensure that none of the pre-processing

steps required to compute Z(X train) make use of Xtest,

We first analyze all 10,000 cells. There is a true differentiation trajectory in this dataset:
cells were sampled at at seven different time points of a directed differentiation protocol, and
changes in gene expression as well as phenotype that are characteristic of this differentiation
process were observed [Elorbany et al., 2022]. We focus on a subset of p = 2,500 high-
variance genes that were selected from more than 32,000 genes that were expressed in the
raw data (see Appendix B.7 for details). The left panel of Figure 3.4 displays the count
splitting p-values for differential expression of these 2,500 genes against the double dipped

p-values.

We first note the general agreement between the three methods: genes that have small
p-values with one method generally have small p-values with all the methods. Thus, count
splitting tends to identify the same differentially expressed genes as the methods that double
dip when there is a true trajectory in the data. That said, we do notice that the full double
dipping method tends to give smaller p-values than count splitting. There are two possible
reasons for this: (i) the double dipped p-values may be artificially small due to the double
dipping, or (ii) it might be due to the fact that the full double dipping method uses twice
as much data. In this setting, it seems that (ii) is the correct explanation: the test double
dipping method (which uses the same amount of data as count splitting both to estimate
L and to test the null hypothesis) does not yield smaller p-values than count splitting. It
seems that there is enough true signal in this data that most of the genes identified by the
double dipped methods as differentially expressed are truly differentially expressed, rather
than false positives attributable to double dipping.
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Figure 3.4: Left: Count splitting p-values vs. double dipped p-values for 2, 500 genes, on a
log scale, when all 10, 000 cells are used in the analysis. Right: Uniform QQ plot of p-values
for 2,500 genes obtained from each method when only the Day 0 cells are used.

Next, we subset the 10,000 cells to only include the 2,303 cells that were measured at
Day 0 of the experiment, before differentiation had begun. Then, despite knowing that
these cells should be largely homogeneous, we apply Z() to estimate pseudotime. We note
that the E() function described in Appendix B.7 controls for cell cycle-related variation in
gene expression so that this signal cannot be mistaken for pseudotime. We suspect that in
this setting, any association seen between pseudotime and the genes is due to overfitting or
random noise. We select a new set of 2,500 high variance genes using this subset of cells.
The right panel of Figure 3.4 shows uniform QQ plots of the p-values for these 2,500 genes
from each of the three methods. In the absence of real differentiation signal, the p-values
should follow a uniform distribution. We see that count splitting controls the Type 1 error
rate, while the methods that double dip do not. Unlike the previous example that had a very
strong true differentiation signal, even test double dipping yields false positives. Without

assessment, the level of true signal in any dataset cannot be assumed to outweigh the effects

of double dipping.
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In summary, count splitting detects differentially expressed genes when there is true signal

in the data, and protects against Type 1 errors when there is no true signal in the data.
3.7 Discussion

Under a Poisson assumption, count splitting provides a flexible framework for carrying out
valid inference after latent variable estimation that can be applied to virtually any latent
variable estimation method and inference technique. This has important applications in the
growing field of pseudotime or trajectory analysis, as well as in cell type analysis.

We expect count splitting to be useful in situations other than those considered in this
chapter. For example, as explored in Appendix B.3, count splitting can be used to test the
overall difference in means between two estimated clusters, as considered by Gao et al. [2022]
and Chen and Witten [2023]. As suggested in related work by Batson et al. [2019], Chen
et al. [2021], and Gerard [2020], count splitting could be used for model selection tasks such
as choosing how many dimensions to keep when reducing the dimension of Poisson scRNA-
seq data. Finally, count splitting may lead to power improvements over sample splitting for
Poisson data on tasks where the latter is an option [Leiner et al., 2022].

In this chapter, we assume that after accounting for heterogenous expected expression
across cells and genes, the scRNA-seq data follows a Poisson distribution. Some authors
have argued that scRNA-seq data is overdispersed. As discussed in Section 3.4.2, count
splitting fails to provide independent training and testing sets when applied to negative
binomial data. ? suggest that inference can be carried out in this setting by working with
the conditional distribution of X't | X'rain  Unfortunately, this conditional distribution
does not lend itself to inference on parameters of interest. In Chapter 4, we extend count
splitting to the negative binomial distribution.

Code for reproducing the simulations and real data analysis in this chapter is available
at github.com/anna-neufeld/countsplit_paper. An R package with tutorials is available

at anna-neufeld.github.io/countsplit.tutorials.
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Chapter 4

NEGATIVE BINOMIAL COUNT SPLITTING FOR
SINGLE-CELL RNA SEQUENCING DATA

The contents of this chapter are included in Neufeld et al. [2023b] (to be submitted).
4.1 Introduction

A single-cell RNA sequencing (scRNA-seq) dataset involving n cells and p genes can be
written as a matrix X € Z%{", where entry X; is the number of reads or unique molecular
identifiers from the ith cell that map to the jth gene. It is common to assume that X is a
realization from a random variable X, and that

E[Xy;] = vil\ij, with g(A) = LB for L € R™¥ 3 € RP*K, (4.1)
for some link function g(-) [Sarkar and Stephens, 2021]. In (4.1), v = (71,...,7a)" stores
cell-specific size factors, which reflect technical variation in sequencing depth between cells,
whereas A represents the biological variation of interest, which, after applying some suitable
link function g(-), is assumed to have rank K for some K < min(n,p).

Fitting the model (4.1) — that is, obtaining estimates L(X) and S(X) of L and 3 —
may be of interest for a number of reasons. For example, we may wish to denoise the data
by replacing diag(y) ' X with ¢! (f)(X)B(X)T) [Eraslan et al., 2019, Lopez et al., 2018,
Townes et al., 2019], or we may wish to interpret [:(X ) as a measure of an unobserved aspect
of cell state, e.g. cell type or position along a developmental trajectory [Aizarani et al., 2019,
Griin et al., 2015, Zhang et al., 2019].

After fitting the model (4.1), we typically want to perform some type of model validation

or inference. Here, we give three examples.
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Example 4.1 We want to assess the quality of our low-rank approzimation diag(y)™'X ~

g! (f/(X)B(X)T> [Sarkar and Stephens, 2021, Batson et al., 2019].

Example 4.2 We want to identify genes that are associated with I:(X) [Aizarani et al.,
2019, Griin et al., 2015, Van den Berge et al., 2020, Hafemeister and Satija, 2019].

Example 4.3 We want to know if our estimated latent variables ﬁ(X) are stable, i.e. would
be reproducible on a new, independent realization of X [Cao et al., 2020, Lange et al., 2004,
Ullmann et al., 2022].

It is challenging to perform model validation or inference after fitting model (4.1). In
Example 4.1, because we estimated L and [ on the data X, we cannot re-use X to assess
model fit [Hastie et al., 2009]. In Example 4.2, because we estimated L on the data X, we
cannot re-use X to test for association [Taylor and Tibshirani, 2015]. In Example 4.3, we only
have access to one dataset, so it is unclear how to proceed. While very specialized approaches
are available to overcome these challenges in specific instantiations of Example 4.1 [Fu and
Perry, 2020, Owen and Perry, 2009, Grabski et al., 2022], Example 4.2 [Gao et al., 2022,
Chen et al., 2021, Zhang et al., 2019, Chung and Storey, 2015], and Example 4.3 [Tibshirani
and Walther, 2005, Lange et al., 2004], in this chapter we will provide a much more flexible
framework for model validation or inference after fitting (4.1), which will be applicable to
all three examples.

To illustrate the problem, we generate a toy data matrix X € ZIZOOO *2 such that each Xij
is drawn independently from a negative binomial distribution with mean 5 and variance 10.
This is a special case of (4.1) withy; =... =7, =1, K =1, L = 1149, and 8 = [5,5]7. The
data are shown in Figure 4.2(a). To illustrate Example 4.1, we apply k-means clustering
to the data for a range of values of k. Though there is one true cluster in this example
(all 100 cells are homogenous), the mean squared error (MSE: defined in (4.2) in Section 4)
computed on the same data used for clustering is monotone decreasing in k (Figure 4.2(c)),

incorrectly suggesting that a larger value of k always leads to a better fit. To illustrate
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Example 4.2, we fit a negative binomial generalized linear model (GLM) to test whether
the expected expression of gene 1 is associated with the cluster labels when there are k = 2
estimated clusters. When we perform this test on the same data used for clustering, we
obtain p-values that are much smaller than the Unif(0, 1) distribution (Figure 4.2(d)), and
thus do not control the Type 1 error rate (recall that no true clusters are present, and thus

there is no true association between the clusters and the features).

The solution here might seem obvious: to split our 100 cells into a training set, used to fit
(4.1), and a test set, used for model validation. Unfortunately, this sample splitting approach
does not work. The issue is that fitting (4.1) using the cells in the training set yields latent
variable coordinates for cells in the training set only. To use the test set for validation or
inference, we must obtain latent variable coordinates of the cells in the test set. This step
involves using the test set data itself, which invalidates downstream evaluation or inference.
In the case of our toy data analysis in Figure 4.2, we apply k-means clustering to the cells
in the training set, and then assign cluster labels to the cells in the test set using 3-nearest
neighbor classification. We see in Figure 1(c) that, over 1000 simulated datasets, the within-
cluster MSE computed on the test set (see Appendix C.1 for details) decreases monotonically
with the number of clusters, because we used the test set both to compute latent variable
coordinates for the cells in the test set and to compute the within-cluster MSE. Similarly,
Figure 4.2(d) shows that, over 1,000 simulated datasets, the p-values obtained by using a
negative binomial GLM to regress the first gene from the test set onto the test set cluster
assignments do not control the Type 1 error rate. We refer the reader to Bro et al. [2008], Fu
and Perry [2020], and Owen and Perry [2009] for more discussion of the inadequacy of sample
splitting in the setting of Example 4.1, and Gao et al. [2022], Chen and Witten [2023], and
Neufeld et al. [2022a] for a related discussion in the setting of Example 4.2.

To illustrate the challenges associated with Example 4.3, we suppose that we estimate
k = 5 cell types via clustering on the toy dataset in Figure 4.2, and then we wish to see
if these clusters are stable. Faced with this task in the analysis of real scRNA-seq data,

Cao et al. [2020] use a method that they call “intradataset cross-validation,” which involves
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treating the cell types estimated via clustering as fixed, and then performing 5-fold cross-
validation using a classifier (see Algorithm 4.5). A high degree of agreement between the cell
types estimated via clustering and those predicted by the classifier during cross-validation is
treated as evidence that the clusters are reproducible. Figure 4.2(e) shows a confusion matrix
comparing the cell types estimated via clustering to those predicted using cross-validation
(with 5-folds and a support vector machine (SVM) classifier) for the cells in the toy dataset
from Figure 4.2(a). Despite the fact that all cells are homogenous in this dataset (and thus
the estimated clusters are determined by random noise), 95% of the cells fall on the diagonal
of the confusion matrix, falsely suggesting stability of the clusters. The issue is that, since
all of the data from all of the cells was used for the clustering step, any downstream model

evaluation is compromised, even if the downstream task makes use of cross-validation.

Now, suppose that we were able to sequence the same set of cells twice to obtain two
independent datasets X (™) e 7377 and X9 e ZUTF generated from X in (4.1) (with
the same true underlying L and  matrices). We could estimate L and/or § using only
X (ain) “and could then validate the results or conduct inference using X ®%. Thus, the
challenges associated with Examples 1 and 2 displayed in Figure 1(c) and 1(d) would be
entirely avoided. Similarly, we could estimate one set of clusters on X ") and another set

test

of clusters on X% and compare the two clusterings using a metric such as the adjusted

Rand Index [Hubert and Arabie, 1985], entirely avoiding the challenge of Example 3.

In practice, we cannot sequence the same set of cells twice. Instead, we propose to use
our single dataset X to reverse engineer two datasets X (2" and X () that function like
two independent sequencing experiments performed on the same sets of genes and cells. Our
proposal is an extension of the ideas of Batson et al. [2019], Sarkar and Stephens [2021],
and Neufeld et al. [2022a], who perform this reverse engineering under the assumption that
X g Binomial(€2;;, p;) or Xj; £y Poisson(A;;), using the well-known binomial thinning
property of a Poisson random variable [Durrett, 2019]. However, in practice, scRNA-seq
data are typically overdispersed relative to the Poisson distribution, and so the Poisson

count splitting procedure developed in Chapter 3 will fail to produce independent training
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(a) Example data realization (b) Example data realization,

colored by estimated cluster

(c) Average within cluster MSE,
over 1000 datasets
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(a) Data X € Z2%*2 where each entry X;; is drawn independently from
a negative binomial distribution with mean 5 and variance 10. (b) The same data X,
colored by the clusters estimated when k-means with k=2 is applied to log(X + 1). (¢)
The within-cluster MSE computed after fitting k-means with k = 1,2,...,10, averaged over
1000 datasets. We compute the MSE using all of the data (purple), we cluster using 50
observations and compute the MSE on the other 50 (gray), and we apply our proposed
negative binomial count splitting method (blue). Details are given in Section 4.4.2. (d)
Uniform QQ-plot of negative binomial GLM p-values for testing for differential expression
of gene 1 across the estimated clusters for 1,000 realizations of X. We cluster and fit the
GLM using all of the data (purple), cluster using 50 observations and fit the GLM on the
other 50 (gray), and we apply our proposed negative binomial count splitting method (blue).
Details are given in Section 4.4.3. (e) Confusion matrix resulting from the intradataset
cross-validation procedure of Cao et al. [2020] (see Algorithm 4.5 in Section 4.5) that uses
the same data for both clustering and validation. (f) Confusion matrix resulting from our
modified version of intradataset cross-validation (see Algorithm 4.6 in Section 4.5).
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and test sets. In this chapter, we introduce negative binomial count splitting, which performs
this reverse engineering under the assumption that each X;; is drawn independently from a

negative binomial distribution.

Figure 4.2(c) and Figure 4.2(d) show that negative binomial count splitting correctly
determines that K = 1, and controls the Type 1 error rate, in our toy example. We see in
Figure 4.2(f) that, after negative binomial count splitting, a confusion matrix of clusterings

test) is not diagonal, which correctly shows

estimated on X ") ys. those estimated on X
that the clusters are driven by random noise and are not reproducible on an independent

dataset.

Figure 4.2(c) and Figure 4.2(d) show that negative binomial count splitting correctly
determines that K = 1, and controls the Type 1 error rate, in our toy example. We see in
Figure 4.2(f) that, after negative binomial count splitting, a confusion matrix of clusterings

test)

estimated on X (2 vs. those estimated on X is not diagonal, which accurately reflects

the absence of signal in the toy dataset.

Negative binomial count splitting requires a negative binomial assumption to ensure
independence between the training and test sets. However, once the data has been split,
we are free to use any latent variable estimation method or inferential technique, including
those that do not make use of a negative binomial assumption. So, for instance, one could
apply negative binomial count splitting to obtain independent training and test sets, and

then fit Poisson generalized linear models.

In Section 4.2, we review the Poisson count splitting procedure of Neufeld et al. [2022a].
In Section 4.3, we introduce negative binomial count splitting and provide some intuition
and theoretical results. In Section 4.4, we apply negative binomial count splitting to Ex-
ample 4.1 and Example 4.2 on simulated data. In Section 4.5, we revisit the intradataset
cross-validation procedure of Cao et al. [2020], and re-analyze the stability of the kidney cell

types and subtypes from their human cell atlas using negative binomial count splitting.
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Figure 4.2: (a) Data X € Z.%*? where each entry X;; is drawn independently from
a negative binomial distribution with mean 5 and variance 10. (b) The same data X,
colored by the clusters estimated when k-means with k=2 is applied to log(X + 1). (c¢)
The within-cluster MSE computed after fitting k-means with k = 1,2,...,10, averaged over
1000 datasets. We compute the MSE using all of the data (purple), we cluster using 50
observations and compute the MSE on the other 50 (gray), and we apply our proposed
negative binomial count splitting method (blue). Details are given in Section 4.4.2. (d)
Uniform QQ-plot of negative binomial GLM p-values for testing for differential expression
of gene 1 across the estimated clusters for 1,000 realizations of X. We cluster and fit the
GLM using all of the data (purple), cluster using 50 observations and fit the GLM on the
other 50 (gray), and we apply our proposed negative binomial count splitting method (blue).
Details are given in Section 4.4.3. (e) Confusion matrix resulting from the intradataset cross
validation procedure of Cao et al. [2020] (see Algorithm 4.5 in Section 4.5) that uses the same
data for both clustering and validation. (f) Confusion matrix resulting from our proposed
procedure for assessing cluster stability (see Algorithm 4.6 in Section 4.5)
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4.2 Background

4.2.1 A review of Poisson count splitting

Our goal is to decompose an scRNA-seq dataset X € Z;gp into two independent datasets

X (train) - < 755" and X (test) ¢ 255" drawn from the same model as X, up to a parameter
scaling. In this section, we review Poisson count splitting, which accomplishes this goal

provided that X;; ~ Poisson(A;;).

Algorithm 4.1 (Poisson count splitting; Neufeld et al. [2022a]) Let X € Z%i". For

a chosen M € 7+ and e, ..., exr € (0,1) such that S0 _ €, = 1:

1. Draw (X(” x@?),...,ng) | X,; = Xi; ~ Multinomial (Xij, 1, ..., ar).

iy 0 “g
2. Form=1,..., M, let Xtestm = X(") gpd Jet Xtrainm — X _ Xtestm

Theorem 4.1 (Independence under Poisson count splitting) Let X € Z;ép be a dataset
such that the entries X;; are realizations of X;; S Poisson(y;). If we apply Algorithm 4.1
to this data, the following holds form =1,..., M:

1. X:;ain’m ~ Poisson((1 — €,)p145),
2. XE;St’m ~ Poisson(€,ij),

3. Xtramm gnd XSt gre independent.

The original Poisson count splitting proposal of Neufeld et al. [2022a] assumed M =
2: Theorem 4.1 is a direct extension. Theorem 4.1 follows from the well-known binomial
thinning property of the Poisson distribution (see Durrett 2019, Section 3.7.2).

Sarkar and Stephens [2021] and Neufeld et al. [2022a] apply Poisson count splitting to

overcome the challenges arising in Examples 1 and 2 of Section 4.1, under the assumption
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that the scRNA-seq data follows a Poisson distribution. Unfortunately, the Poisson assump-
tion is necessary to achieve independence in part 3 of Theorem 4.1. If the data instead follow
a negative binomial distribution, then X ") and X (es) are correlated, and Poisson count
splitting will fail to provide a valid approach for model evaluation or inference (see Proposi-
tion 2 in Neufeld et al. 2022a). In Section 4.3, we will recover this independence under the

assumption that the elements of X;; are independent negative binomial random variables.

4.2.2  Negative binomial models for scRNA-seq data

Throughout this chapter, we let NB(u,b) denote the negative binomial distribution with
mean 4 and variance p + “7:, for p > 0 and b > 0. Note that y ~ NB(u,b) if y | 7 ~
Poisson(u7) and 7 ~ Gamma(b, b). This is slightly different than the parameterization of
the negative binomial distribution used in Neufeld et al. [2023a], but is the one commonly
used for scRNA-seq data.

Because the variance p+“7: is always strictly larger than the mean p, the negative binomial
model is overdispersed relative to the Poisson model. This motivates its use in the analysis of
RNA sequencing data, where the data are non-negative integers with excess variance relative
to the Poisson distribution [Choudhary and Satija, 2022, Hafemeister and Satija, 2019, Sarkar
and Stephens, 2021]. We refer to the parameter b as the overdispersion parameter. As b — oo,
the negative binomial distribution approaches the Poisson distribution, and so the negative
binomial model includes the Poisson model as a special case.

In the scRNA-seq literature, it is common to assume that each gene, but not each cell,
has its own overdispersion parameter [Hafemeister and Satija, 2019, Love et al., 2014]. Thus,

in what follows, we will assume that X;; ~ NB (15, ;).
4.3 Negative binomial count splitting

4.8.1 Algorithm and main result

We now introduce negative binomial count splitting and state the key result.
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Algorithm 4.2 (Negative binomial count splitting) Let X € ZLi". For a chosen M €
77, 0;>0 forj=1,...,p, and €y, ..., €y, € (0,1) such that 27]};[:1 €, =1:

1. Draw (X(” X XSM)) | X;; = Xi; ~ DirichletMultinomial (X, €16}, €0/, . .., el ).

ij ij
2. Form=1,...,M, let Xtestm = X(M) gpd Jet Xtrainm — X — X(m),

The marginals of a Dirichlet-multinomial distribution are beta-binomial, and so in the
M = 2 case Algorithm 4.2 says to draw X" | X;; = X;; ~ BetaBinomial(X;, b}, (1—e€)b)).
While binomial thinning has appeared in numerous papers as a way to construct training
and test sets from count-valued data [Neufeld et al., 2022a, Sarkar and Stephens, 2021, Chen
et al., 2021, Leiner et al., 2022], to our knowledge beta-binomial thinning has only been
used for this purpose by Neufeld et al. [2023a]. The beta-binomial thinning operator has
appeared in the time series literature at least as far back as McKenzie [1986] for constructing
autoregressive processes with negative binomial marginal distributions. The following result,
which appeared in the case where M = 2 in the context of autoregressive processes in Joe

[1996], tells us what happens when X;; ~ NB (u;;,b;) and we apply Algorithm 4.2 with
o =b;.

ind.

Theorem 4.2 (Independence under negative binomial count splitting) IfX,; ~ NB (1, ;)

and we apply Algorithm 4.2 with V; = b;, then for any m =1,..., M:
1. X O NB((1 = ) ptig, (1 — €m)by).
2. X~ NB(€emplij, €mby)-
3. Xtrainm gpd Xtestm gre independent.

A proof of Theorem 4.2 is included in Appendix C.2.1. The intuition behind this result is
as follows. As explained in Section 4.2.2, if X;; ~ Poisson(p;;), and p;; itself follows a gamma

distribution with mean f;;, then X;; marginally follows a negative binomial distribution with
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mean /4;;. Thus, the overdispersion in X;; relative to a Poisson distribution can be interpreted

as coming from randomness in the mean parameter. Drawing (X(l) . ,ng)) | X = Xij

ij 0

from a Dirichlet multinomial distribution, as in Algorithm 4.2, is the same as first drawing

(€1,...,€n) from a Dirichlet(e,b’, ..., €,b}) distribution and then letting (XZ(;), . ,Xg\/[)) |
X,; = Xi; ~ Multinomial(X;;, €1/, ..., €,0). Thus, to accommodate the overdispersion

in X,; relative to the Poisson distribution, we add additional randomness to the sampling
process by making the parameters (€1, ..., €,) from Algorithm 4.1 random variables.
The bottom line is as follows: if we believe that X;; "' NB (piz, bj) and we know the true

values b;, then a direct extension of Poisson count splitting is available.

4.3.2  The role of the parameter VY

Theorem 4.2 requires that we apply Algorithm 4.2 with the correct value of the overdispersion
parameter; i.e. that Xi; ~ NB(uj,b;) and we choose 0 = b;.

In this section, we consider what happens when we use the wrong value for this parameter;
i.e. Xij ~ NB(uij,b;) with b # b;.

We first consider what happens when we use b = co. Drawing <X§]1-), Xg), e ,ng)> |
X;; = X;j ~ DirichletMultinomial (Xij, elb;., EQb;, . ,eMb;-) is the same as first drawing
(p1,...,pum) from a

Dirichlet (elb;-, e, ... ,eMb;.) distribution and then drawing <X(-1-) X2

19 1 0"

(M)
x4 ) | X, =
X;j ~ Multinomial (X;;, p1,pa,...,pam). Thus, Algorithm 4.2 can be seen as a version of
Algorithm 4.1 where the parameters for the multinomial sampling are random variables.
When b = oo, each p,, is a point mass at €,,. Thus, when b, = oo, Algorithm 4.2 reduces

to Algorithm 4.1. The following theorem is from Neufeld et al. [2022a].

Theorem 4.3 (Poisson count splitting of negative binomial random variables) IfX,; ~

NB (uij,b;) and we apply Algorithm 4.2 with b; = oo, then:

12X~ NB((L = )iy ).



70

2. X ~ NB(empiig, by).

3. COI‘(XE;ain,m’ Xg;st,m) _ \/m

v b 1 '
:g"f‘m‘i‘em( —Em)

Theorem 4.3 says that while applying Poisson count splitting (or negative binomial count
splitting with b; = o) on data from a negative binomial distribution yields training and test
sets that follow the same model as the full data up to a parameter scaling, these datasets
are positively correlated. The positive correlation increases as the true value of b; decreases,
and decreases to 0 as b; — co. Moreover, we see from Theorem 4.3 that the overdispersion
parameters (and thus the variances) of X{:™™ and X" are too small relative to Theo-
rem 4.2. Thus, by failing to put enough noise into our sampling process, applying Poisson
count splitting to negative binomial data results in training and test sets that are not as
noisy as they should be, leading to positive correlation between them.

We now consider the more general case of finite b;-, which is included (under a different

parameterization) in Neufeld et al. [2023a].
Theorem 4.4 If X;; ~ NB(uq,b;) and we apply Algorithm 4.2 with parameter b

1. E[Xg«m’m] = (1 — €n)ui; and E[XE;‘St’m] = Emlij-

2. Var(XE;ain’m) = (1—€,) Var(XZ-j)—i—em(l—em)“?j (bj+1 - 1) and Var(X;;St’m) = €, Var(X;;)+

by \j+1
2
Hij (bj+1
e(1—¢) b (b;.+1 - 1).

. 2
train,m test,my Mg bj+1
3. COV(ij 7Xij ) = €m(l —€n) b, (1 VL)

Theorem 4.4 is proved in Appendix C.2.3. Unlike in Theorem 4.3, the training and test
sets that result from applying Algorithm 4.2 with arbitrary values for 0’ do not necessarily
follow negative binomial distributions.

The first statement of Theorem 4.4 says that, regardless of the value of b; used, the
expected value matrices for Xmm and Xtestm are scaled by €, and (1 — ¢,,) compared to

E[X] in (4.1). Thus, we can obtain suitable estimates of the latent space using Xrainm,
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The second statement of Theorem 4.4 tells us that using the wrong value for b; can
affect how much noise is in X"#*™ and X', In the ideal case where b, = b;, then
Var(X™™) = (1 — e,,) Var(X;;) and Var(X[©") = ¢, Var(X;;). If b, > ', then the
training and test set variances are smaller than in this ideal case, and if b, < b then they are
too large.

The third statement says that if ; > b;, then the training and test sets are positively
correlated, whereas when 0} < b the training and test sets are negative correlated. The
correlation grows with the magnitude of the discrepancy between b; and ). The result is
displayed and empirically confirmed in Figure 4.3.

In order to use X! to validate a model fit to X! or to do valid inference on latent
variables fit to X" we need independence between X'#nf and Xttf Thus, the major
takeaway from Theorem 4.4 is that, when the true b; are unknown, it is important to estimate
them well. In Section 4.4, we use the well-known R package sctransform [Hafemeister and

Satija, 2019] to estimate each b;.

4.3.8 The role of the parameters €, ..., €y

In this section, we consider the case where we used the “correct” value of b; and thus the
results of Theorem 4.2 hold. In this setting, it is simple to show that, for a given fold m,
the parameter ¢,, governs a tradeoff between the amount of information in the training set
and in the test set. This result is summarized in the following theorem, which is proved in

Appendix C.2.4.

Theorem 4.5 (Information tradeoff as we vary €) IfX;; ~ NB(u;;,b;), then the Fisher
information contained in a single datapoint Xy; for the parameter p;; is 1, (Xy;) = m
If we apply Algorithm 4.2 with b}, = b;, then:

1. The Fisher information contained in a single datapoint Xz;ain’m for the parameter ji;;

is (1 — €em) L, (Xij).
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Figure 4.3: We generate 100,000 independent realizations of X;; ~ NB(25,8). Then, for

50 values of b, ranging from 1075 to 10°, we split each of these realizations into X{%™" and

X! by applying Algorithm 4.2 with b, M = 2,e; = 0.3,€e; = 0.7. We display the sample
correlation between the 100,000 realizations of X{7™' and X! as a function of ¥,. The
pink line shows the theoretical values computed using Theorem 4.4. The horizontal green
line displays b} = oo given by Theorem 4.2. The vertical red line displays where b} = b;. As
expected, both the empirical and theoretical correlations are 0 at this point.

2. The Fisher information contained in a single datapoint XE;St’m for the parameter p;; is

GmI/—Lij (XU) .

We will see in Section 4.4 that the ideal choice of €y, . . ., €3y can depend on the application

at hand.

4.4 Simulation Study

In this section, we apply negative binomial count splitting to two specific problems, which
arise when Example 1 and Example 2 from Section 4.1 are instantiated in the setting where
our latent variables are indicator variables for K discrete cell types and we estimate these

latent variables using k-means clustering.

Problem 1: We wish to select the number of clusters that best fit the observed data.
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Problem 2: We wish to estimate two cell types and then test each gene for differential

expression across the two estimated clusters.

While highly specialized methods exist for each of these tasks, our goal is to show that
negative binomial count splitting is one flexible framework that can be easily used to answer
both of these questions.

After introducing our simulation setup in Section 4.4.1, we address Problem 1 in Sec-

tion 4.4.2 and address Problem 2 in Section 4.4.3.

4.4.1 Data generating mechanism

We generate datasets with n cells, p genes, and K true cell types. Each gene has a baseline
expression level exp(f;o) where o b N(0,1) for j=1,...,p.

For each dataset, we assign each cell to one of the K clusters with equal probability. The
first column of the latent variable matrix L € R™¥ stores ones, and the rest of columns
are indicators for clusters 2,..., K. The matrix 3 € RP*K stores By, ..., By in the first
column. When K > 1, ;o = 8* for the first 5% of the genes, and the rest of the entries in
the second column of 5 are 0. If K > 2, then ;3 = 5* for the next 5% of the genes, and all
other entries are 0. We continue filling in the # matrix in this manner until all K clusters
have been accounted for. We consider different values of g* for different datasets, but within
a dataset we always use the same value of 5* such that all K clusters are equally easy to
detect. Finally, we let log (A) = L3".

To generate overdispersion parameters for each of the j genes, we let A; = %Z?:l A

Aj

——2— This means that
overdisp

be the average expression for the jth gene, and we set b; =

Var(Xy) = Ay (1 + Ay

bj

) ~ N;j (1 + overdisp). We consider datasets where overdisp = 1
and settings where overdisp = 5; we call these settings “mild overdispersion” and “severe
overdispersion”. The assumption that the parameter b; is a function of the average expression
is motivated by Choudhary and Satija [2022], Hafemeister and Satija [2019] and Love et al.
[2014].
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Finally, we let X;; ~ NB(A;;,b;). Note that, compared to (4.1), we have omitted size

factors from this simulation study, as they are not the focus of this chapter.

4.4.2  Selecting the number of clusters
4.4.2.1 Methods
We now introduce the general algorithm used in this section.

Algorithm 4.3 (Estimating the number of clusters)

1. Start with datasets X ™) € 727 and XY € ZL{P and parameter € € (0,1).
2. Fork=1,...,10:

(a) Run k-means clustering to estimate k clusters on log(X®™) 4 1), This yields a
cluster assignment ¢; € {1,...,k} fori=1,...,n in XEram),
(b) Fori=1,....,n and j =1,...,p, estimate E[Xf;ain] with the sample mean of all

the training set points assigned to the same cluster:

~train ZXprainl by, o— oL
ILL’L] Zz . 1{01/ _ Cz i i'j {Cz/ Cz}

(¢) Using the known relationship between E[X "] and E[X[$™], estimate E[X[™"] as
~tes l—e. rain
i = —— 1

(d) Compute the within-cluster mean squared error on the test set as:

MSE(k

Z Z (log (X[ 4+ 1) — log (5™ + 1)) (4.2)

n><
pzl]l

We consider the following variations on Algorithm 4.3.
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Naive method: Run Algorithm 4.3 with X (train) = X (test) — X and e = 0.5.

Poisson count splitting (PCS): Obtain X (train) — xtrainl apq X (test) — xtest,l by
running Algorithm 4.1 on the data X with M = 2 and parameters (¢,1 —¢). Then run
Algorithm 4.3 using X (rain) X (test) “and e

Negative binomial count splitting, known b (NBCS-known): Obtain X (r3in) =
Xtrain, L and X (est) — xtestl by running Algorithm 4.2 on matrix X with M = 2,
(6,1 =€), and (b},...,b,) = (b1,...,bp). Then run Algorithm 4.3 using X (train) -y (test)

and e.

Negative binomial count splitting, estimated b (NBCS-estimated): First use
the R package sctransform [Hafemeister and Satija, 2019] to estimate by, ..., b,. De-
tails are given in Appendix C.3. Then obtain X (train) — Xtrainl apdq X (test) — xtest,1
by running Algorithm 4.2 on matrix X with M = 2, (¢,1 —¢), and (b},...,b,) =

~

(I;l, ...,b,). Then proceed as in NBCS-known.

We note that PCS could also be called NBCS with ¥ = co. We now extend both versions of

NBCS to perform cross validation.

Negative binomial cross validation, known b (NBCV-known): Obtain (XM, ...,
by running Algorithm 4.2 on matrix X with M = 10, ¢, = ﬁ form=1,..., M, and
(bY,...,0,) = (b1,...,by). For m € 1,..., M, apply Algorithm 4.3 with X(rain) —
Xtraind - x(test) — xtestf and e = M=L For each value of k, save the total MSE

summed across the M folds.

Negative binomial cross validation, estimated b (NBCV-estimated): As
above, but first estimate by,...,b, by using the R package sctransform to the full

data X, and use these estimated values when applying Algorithm 4.2.
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We already showed in Section 4.1 that the naive method fails to provide a viable solution
to Problems 1 and 2, but we include it here for the sake of comparison. We do not consider
sample splitting in this section, as we already saw in Section 4.1 that it fails to provide a viable

solution to Problems 1 and 2, and it cannot be described as naturally using Algorithm 4.3.

4.4.2.2  Results

We first generate 1,000 datasets with n = 1000 and p = 1000 and g* = 1.5 for each
K € {1,3,5} and each overdispersion setting described in Section 4.4.1. For each dataset,
we consider the naive method, Poisson count splitting, NBCS-known, and NBCS-estimated.
For each count splitting method, we fix ¢ = 0.5. We plot the average MSE over the 1000
datasets, defined in (4.2), as a function of k. To facilitate comparisons between methods,
the y-axis of Figure 4.4 has been scaled such that the MSE for each method ranges from 0

to 1, and is displayed on a log scale.

Figure 4.4 shows that, regardless of the true value of K or the amount of overdispersion,
we see that the MSE for the naive method decreases monotonically with k. Thus, we cannot
simply select the value of k that minimizes the loss function, and must instead search for
a bend or an “elbow” in the MSE plot. This heuristic method fails to provide a clear
answer for the number of clusters we should select in the examples above. We see that PCS
performs well (the loss function is minimized when K = k) under mild overdispersion, but
under severe overdispersion its performance approaches that of the naive method. This is as
expected from Theorem 4.3, where we saw that the correlation between X (#72) and X (test)
under PCS increases as the amount of overdispersion increases. Finally, we see that both
versions of NBCS have loss functions that are minimized when K = k, regardless of the true

value of K or the amount of overdispersion in the data.
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Figure 4.4: The average within cluster MSE over 1000 datasets for four of the methods
described in Section 4.4.2.1, scaled to have range between 0 and 1.

Figure 4.4 demonstrates that NBCS provides a useful solution to Problem 1. Since the
loss function will be minimized at K = k£ when the signal is sufficiently strong, we can select
the number of clusters by selecting the value of k£ that minimizes the loss function. As the
naive method and PCS do not provide a useful solution to Problem 1, we do not consider
them for the remainder of this section.

We next explore the role of the parameter € in NBCS. We generate 2,000 datasets with
mild overdispersion with n = 500 and p = 40 for K = 5 and for $* values ranging from 2 to
6. For values of € ranging from 0 to 1, we perform NBCS-known. For each dataset and each
value of €, we consider three metrics.

We first consider the adjusted Rand Index [Hubert and Arabie, 1985] between the true
clusters and those estimated using X ") when k = K. The left panel of Figure 4.5 displays
the average adjusted Rand Index as a function of €. For a given signal strength, the average
adjusted Rand Index increases with € because a large value of ¢ means that we use more of the

information in our data in the cluster estimation phase of Algorithm 4.3 (see Theorem 4.5).
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We then consider whether or not the MSE is minimized at K = k. We first consider this
metric only among datasets where the adjusted Rand Index between the true clusters and
the estimated clusters when K = k exceeds 0.8; i.e. datasets where we were able to estimate
“good” clusters. This metric is shown in the center panel of Figure 4.5. We can see that this
metric decreases with e (center panel of Figure 4.5). Given that we estimated good clusters,
a large value of € simply means that there is less information in the test set for us to evaluate
the clusters. The right panel of Figure 4.5 shows the overall proportion of datasets for which
we select K = k. We can see that the optimal value of € depends on the true signal strength,
but that it involves a tradeoff between choosing € large enough to estimate good clusters
on X r2n) hHut not so large that we do not leave enough information over to validate these

clusters.

Ability to select K, among datasets
Ability to estimate true clusters where we estimated good clusters Ability to select K, among all datasets
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Figure 4.5: We generate 2,000 datasets with mild overdispersion, n = 500, p = 40, K =5
for each of 5 values of f* ranging from 2 to 6. For values of € ranging from 0 to 1, we perform
NBCS-known. Left: The average adjusted Rand Index between the true clusters and those
estimated with X2 when k = K, as a function of e. Center: The proportion of datasets
for which the MSE is minimized at K = k, only considering datasets for which the adjusted
Rand Index between the true clusters and the estimated clusters when K = k exceeds 0.8.
Right: The overall proportion of datasets for which the MSE is minimized at K = k.

Finally, we look at the role of multiple folds by comparing NBCS-known with ¢ = 0.9
to NBCV-known with 10 folds. We generate 2,000 datasets where n = 500 and p = 40
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Figure 4.6: We fix n = 500 and p = 40 and we generate 200 datasets for each combination
of K € {1,3,5},overdisp € {1,5}, and 5* values ranging from 0.1 to 3. For each value of

5*, we show the proportion of datasets for which our method identified the correct value of
K.

for values of 8* ranging from 1 to 6. As both methods use 90% of the information in the
data for training and 10% for testing, these methods will have the same average MSE curves
when the MSE is averaged over many datasets. However, for a given dataset, we expect
NBCV-known to outperform NBCS-known, because by averaging the MSE over 10 folds of
data the former obtains a lower-variance estimate of model quality, which allows us to more

consistently select the correct estimate for K (Figure 4.6).

4.4.3 Testing for differential expression
4.4.3.1 Methods

For simplicity, in this section we let K = 2 and we always estimate two clusters on the data.
Thus, our focus is no longer on estimating the number of clusters, but rather on analyzing
the clusters given that we have estimated them.

In this section, we use the following algorithm, which has several variations.
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Algorithm 4.4 (Testing for differential expression.)

1. Start with datasets X ") € 7L and X (e € 7L

2. Apply k-means clustering with k = 2 to estimate clusters on log(X®2") 4 1), This

yields a cluster assignment ¢; € {0,1} fori=1,... n.

3. For 7 =1,...,p, fit a negative binomial GLM of X;C“ on ¢. Report the Wald p-value

for the slope coefficient.

We consider the following variations on Algorithm 4.4.
Naive method: Run Algorithm 4.4 with X (train) = X (test) — X

Poisson count splitting (PCS): Obtain X (rain) — xtrainl anq X(test) — ytest.l hy
running Algorithm 4.1 on the data X with M = 2 and parameter (¢,1 — ¢). Then

proceed with Algorithm 4.4.

Negative binomial count splitting, known b (NBCS-known): Obtain X (r3") =
Xtrainl and X (test) — Xtestl by running Algorithm 4.2 on matrix X with M = 2,
(e,1—¢), and (b),...,8)) = (b1,...,by). Then proceed with Algorithm 4.4.

’7p

Negative binomial count splitting, estimated b (NBCS-estimated:) Use the
R package sctransform [Hafemeister and Satija, 2019] to estimate by, ..., b, using the

full dataset X. Then proceed as in NBCS-known.

Unlike in Section 4.4.2, we do not attempt to use NBCV. We do not do splitting with
M > 2 and we do not aggregate results across folds by interchanging the roles of the train
and test sets. We leave the possibility of aggregating differential expression test statistics
across multiple folds to future work. Once again, we do not consider sample splitting because

we already saw in Figure 4.2 that it fails to provide a viable solution to Problem 2.
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Figure 4.7: We generate 1,000 datasets with K = 2,n = 500, and p = 40 for each
overdispersion setting and for each of 16 values of 5* ranging from 0 to 3. For each dataset,
we carry out the four variations of Algorithm 4.4 given in Section 4.4.3.

4.4.3.2  Results

We generate datasets using the mechanism described in Section 4.4.1 with K = 2, n = 500,
and p = 40. Under this mechanism, the first two genes are differentially expressed across the
two true clusters, but the remaining 38 genes have the same expected value across all cells
(and thus are not differentially expressed). We refer to these non-differentially expressed
genes as the null genes. Figure 4.7 shows uniform QQ plots of the p-values obtained from
the four variations of Algorithm 4.4 for the null genes, aggregated across 1000 datasets for
each of 16 #* values. We see from Figure 4.7 that both the naive method and Poisson count
splitting both fail to control the Type 1 error rate, with Poisson count splitting performing
worse when overdispersion is severe. On the other hand, both versions of NBCS control the

Type 1 error rate.

Finally, we explore the role of € in this setting. We generate 1000 datasets where n = 1000
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and p = 1000 for each of 16 values of 5* ranging from 0 to 3. For each dataset, we consider
the adjusted Rand Index between the true clusters and those estimated on the training set.
As in Section 4.4.2, we expect that larger values of ¢ will lead to higher adjusted Rand
Indices, on average, for a given signal strength g*. This is confirmed in the left panel of
Figure 4.8.

On the other hand, given the clusters that we estimated, we expect that smaller values
of € will leave us with more power to detect differential expression. We define B* to be
the estimated GLM coefficient that we get for a gene X if we regress its mean vector A;
onto the estimated clusters (estimated on the training set). We note that B* = B* only if
the estimated clusters are exactly equal to the true clusters. The right panel of Figure 4.8
plots the proportion of times that the differential expression p-value for a non-null gene was
less than 0.05, as a function of B* (computed for the appropriate gene and the appropriate
estimated clusters). We see that, for a given value of B*, the power is highest when € is
small. This makes sense; when € is small, the test set contains more information, and thus

has more power to reject the null.
4.5 Application to fetal cell atlas data

In this section, we show through an analysis of real data that negative binomial count
splitting is a useful solution to Example 4.3 from Section 4.1.

Cao et al. [2020] sequenced more than 4 million cells from 121 human fetal samples to
create a fetal cell atlas, with a goal of organizing the cells from each of 15 different organs into
cell types and cell subtypes. After preprocessing, they applied clustering to the expression
data from the kidney cells to characterize the kidney cells into 9 main cell types. They then
subsetted the data to include only the cluster thought to correspond to metanephric kidney
cells, and applied an additional layer of clustering to divide the metanephric kidney cells
into 10 cell subtypes. After this clustering process, the authors were faced with the task of
validating these clusterings to convince the reader that the 9 kidney cell types and the 10
metanephric cell subtypes are reproducible; see Figure 2 of Cao et al. [2020].
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Figure 4.8: Left: The average adjusted Rand index between the true clusters and those
estimated on the training set, plotted as a function of 5* for both overdispersion settings and
for each value of €. Right: The proportion of times that the differential expression p-value
for a non-null gene was less than 0.05, as a function of the association between the gene’s
expected expression and the estimated clusters.
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As there is no ground truth available for the main cell types or the cell subtypes, this
is a difficult validation task. Cao et al. [2020] use a procedure that they call intradataset

cross-validation, which we describe in Algorithm 4.5.

Algorithm 4.5 (Intradataset cross-validation, Cao et al. [2020])

Input: a cell-by-gene expression matriz X € Z55".

1. After the appropriate preprocessing steps, run a clustering algorithm on the full dataset

cluster

X to come up with estimated cell types I:(X)

2. Divide the n cells into 5 folds and, for each foldm =1,...,5:

(a) Let all cells in fold m be the test set, and let the remaining cells be the training

set.

(b) Train a classifier to predict [:(X ytuster ysing X; using all cells i in the training

set.

(c) Using this trained classifier, obtain predictions if}aSSiﬁer for each cell i’ in the test

set, on the basis of Xy .

3. Make a confusion matriz comparing ﬁ(X yetuster qnd [classifier A diagonal confusion
matrix is treated as evidence that the clusters are stable, since the cluster assignment
for a given cell can be reliably recovered by the classifier, even when that particular cell

was not used to train the classifier.

In Algorithm 4.5, we additionally compute the adjusted Rand Index (ARI; [Hubert and
Arabie, 1985]) as a numerical summary of the degree of agreement between L(X)str and
Lassifier Ty Section 4.1 (Figure 4.2(e)), we showed using a toy dataset that there is an issue
with this procedure. Because the entire dataset X is used in Step 1 to estimate the clusters
L(X)e™ster the test set in Step 2(c) has not truly been held out of the training process. Thus,

despite the fact that the clusters estimated on the toy dataset are driven by random noise and
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would not be reproducible on a new dataset, the confusion matrix output by Algorithm 4.5
is close to diagonal (see Figure 4.2(e)).

Luckily, negative binomial count splitting provides a simple alternative to Algorithm 4.5
that provides a more sensible confusion matrix in the context of the toy example (see Fig-

ure 4.2(f)). We outline the procedure in Algorithm 4.6.

Algorithm 4.6 (Intradataset cross-validation via count splitting)

Input: a cell-by-gene expression matriz X € Z;Ep.

1. Obtain estimates I;j of the gene-specific overdispersion b; for j =1,...,p.

2. Apply step 1 of Algorithm 4.2 (negative binomial count splitting) with M = 2, €1 =
€2 =0.5, and (V;,..., b)) = bi,...,b,) to create two folds of data X and X®.

3. After the appropriate preprocessing steps, apply a clustering algorithm to XM to to

obtain an estimated cluster L(XW); for each cell.

4. After the appropriate preprocessing steps, apply a clustering algorithm to X@ to to

obtain an estimated cluster L(X®); for each cell.

5. Make a confusion matrixz comparing IA/(X(I)) and IA/(X(Q)). A diagonal confusion matrix
(up to a permutation of the columns) is treated as evidence of stability, since the cells
can be reliably re-assigned to the same cluster, even when independent realizations of

data are used.

In Algorithm 4.6, we additionally compute the adjusted Rand Index (ARI; [Hubert and
Arabie, 1985]) as a numerical summary of the degree of agreement between [:(X 1)) and
ﬁ(X (2)). This is particularly useful here, as the adjusted Rand Index can handle cases where
different numbers of clusters were estimated on the two datasets, such that multiple clusters

from X may correspond to a single cluster in XM,
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We now compare Algorithm 4.5 and Algorithm 4.6 on real data from the human fetal cell
atlas of Cao et al. [2020]. We consider two versions of Algorithm 4.6. We apply a version
where, in Step 1, we let each Bj = o0, which corresponds to assuming that the data are
Poisson. We also apply a version where, in Step 1, we estimate each l;j using the full dataset
using sctransform; details are given in Appendix C.4. In both cases, we use ¢, = €3 = 0.5
such that X and X® are identically distributed. Our goal is not to discover the optimal
clusters in this dataset, but rather to compare Algorithm 4.5 and Algorithm 4.6 as strategies
for validating clusters. As such, we do not attempt to reproduce the exact analysis from Cao
et al. [2020]; we use a simplified implementation, which is described in Appendix C.4.

To start, we apply Algorithm 4.5 and both versions of Algorithm 4.6 to all 178,603 kidney
cells from the human fetal cell atlas. The results are shown in panels (a), (b), and (c¢) of
Figure 4.9. Regardless of the algorithm used, we see diagonal confusion matrices and high
adjusted rand indices, suggesting a high degree of stability of the clusters. For panels (b) and
(c), we permute the columns of the matrices to make them appear as diagonal as possible,
but we note that the adjusted Rand Index is invariant to these permutations.

We next apply Algorithm 4.5 and both versions of Algorithm 4.6 to the 90, 876 kidney cells
that Cao et al. [2020] annotated as metanephric cells. The results are shown in panels (d),
(e), and (f) of Figure 4.9. Overall, panels (e) and (f) show less stability (i.e. lower adjusted
Rand Indices) than panels (b) and (c), suggesting that these supposed cell subtypes are
somewhat less reproducible than the main cell types. We note that the difference between
the main cell type analysis and the cell subtype analysis is least stark for Algorithm 4.5,
where the double use of data causes the cell subtypes to appear more reproducible than they
are. The difference between the main cell type analysis and the cell subtype analysis is most
stark for the negative binomial version of Algorithm 4.6, suggesting that the Poisson version
is affected by dependence between X and X®.

As the confusion matrices in Figure 4.9 visualize just a single random split of the data,
we also repeat each version of Algorithm 4.6 ten times for each dataset, such that we use

ten different random splits of the data. The adjusted Rand Indices resulting from the then
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different splits are shown in Figure 4.9(d) and 4.9(h). We see that the adjusted Rand Indices

from the cell subtype analysis are consistently lower than those from the main cell type

analysis.
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Figure 4.9: The results of applying (a) Algorithm 4.5, (b) Algorithm 4.6 assuming the data
is Poisson, and (c¢) Algorithm 4.6 with overdispersion parameters estimated via sctransform
to the full kidney dataset. Panels (d), (e), and (f) show the same results, but applied to the
metanephric cells only.

In conclusion, Algorithm 4.6 provides a more statistically principled way to assess the
stability of clusters than 4.5, and allows us to see that the cell subtypes are less stable than

the main cell types.
4.6 Discussion

In this chapter, we introduced an algorithm to split negative binomial data into independent
training and test sets that have the same dimensions as the original data. We showed that
this algorithm has useful applications in the analysis of scRNA-seq data. This algorithm

has the potential to be useful well beyond scRNA-seq data, as data are modeled as negative
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binomial in a wide variety of fields. Furthermore, while we were particularly motivated by
unsupervised settings in which sample splitting is not an option, negative binomial count
splitting can also be used in supervised settings such as inference after variable selection in
negative binomial regression. Further uses for negative binomial count splitting and other
forms of data thinning are discussed in Neufeld et al. [2023a] and Dharamshi et al. [2023].

An implementation of the techniques in this chapter is available in the R package countsplit,
and tutorials showing how this can be integrated with existing packages for the analysis of

scRNA-seq data are available at anna-neufeld.github.io/countsplit.tutorials.
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Chapter 5

DATA THINNING FOR CONVOLUTION-CLOSED
DISTRIBUTIONS

The contents of this chapter are contained in [Neufeld et al., 2023a], which is available

as a preprint on arXiv.

5.1 Introduction

As scientists fit increasingly complex models to their data, there is an ever-growing need for
out-of-box methods that can be used to validate these models. In many settings, the most
natural option is sample splitting, in which the observations are split into a training set,
used to fit a model, and a test set, used to validate it [Hastie et al., 2009]. Sample splitting
can also be applied to conduct inference after model selection [?]. However, in some settings,
sample splitting is neither applicable nor desirable, and alternative approaches are necessary.
In this chapter, we consider an alternative approach that splits a single observation X into
independent parts that follow the same distribution as X.

It has recently been shown that we can split X ~ N(u,0?) into two independent Gaussian
random variables [Rasines and Young, 2022, Leiner et al., 2022, Oliveira et al., 2021], and
X ~ Poisson(\) into independent Poisson random variables [Neufeld et al., 2022a, Leiner
et al., 2022]. However, outside of these two distributions, no proposals are available to split
a random variable into independent parts that follow the same distribution as the original
random variable. Leiner et al. [2022] proposed a general-purpose approach to decompose X
into two parts, X and X such that (i) X* and X® can together be used to reconstruct
X, and (i) the joint distribution of (X®), X®) is tractable. However, the resulting X

and X @ are not independent, and typically do not follow the same distribution as X. These
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considerations complicate the application of data fission to model validation. We elaborate
on these points in Section D.1 of the supplementary materials.

In this chapter, we propose data thinning, a recipe for decomposing an observation X into
two parts, X1 and X@ such that (i) X = XM + X® (i) X® and X are independent,
and (iil) XM and X® follow the same distribution as X, up to a (known) scaling of a
parameter. Critically, properties (ii) and (iii) guarantee that this decomposition is useful
in applied settings. For instance, to evaluate the suitability of a model for X, we can
fit it to X (which follows the same distribution as X), and can validate it using X®
(which also follows the same distribution, and furthermore is independent of X®). Our
recipe can be applied to any distribution that is convolution-closed [Joe, 1996]: this includes
the multivariate Gaussian, Poisson, negative binomial, Gamma, binomial, and multinomial
distributions, among others. Thus, our work drastically expands the set of distributions
that can be split into independent parts, and provides a unified lens through which to view
seemingly unrelated approaches. Furthermore, data thinning can be used to decompose X
into more than two independent random variables.

We illustrate our proposal with the following example, which shows that a Gamma ran-

dom variable can be thinned into M independent Gamma random variables.

Example 5.1 (Gamma decomposition into M components, data thinning) Suppose
that X ~ Gammal(a, ), where 3 is unknown. We take (XM, ..., XM = X7 where
Z ~ Dirichlet(a/M,...,a/M). Then XU ... XM are mutually independent, they sum to

X, and each is marginally drawn from o Gamma(a /M, 3) distribution.

In other words, data thinning allows us to decompose a Gamma(a, ) random variable,

for which 8 is unknown, into M independent Gamma random variables, XM ... X&),

Therefore, fitting a model to X — X and validating it using X is straightforward.
Data thinning can be applied to any problem for which sample splitting might be con-

sidered. In this chapter, we specifically focus on its use in model assessment and validation.

While this approach is equally applicable to both supervised and unsupervised learning, in
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our numerical studies we focus on the unsupervised learning setting, in which the usual
cross-validation via sample splitting approach cannot be directly applied [see, e.g. Owen and
Perry, 2009, Fu and Perry, 2020]. We show that cross-validation via data thinning provides

an attractive alternative.
5.2 The data thinning proposal

5.2.1 A review of convolution-closed distributions

We begin by defining a convolution-closed distribution [Joe, 1996, Jgrgensen and Song, 1998|.

Definition 5.1 (Convolution-closed) Let F denote a distribution indezed by a parameter
A in parameter space A. Let X' ~ F\, and X" ~ F\, with X" 1L X", If X' + X" ~ F\ 1,

whenever A1 + Ay € A, then F) is convolution-closed in the parameter \.

Many well-known distributions are convolution-closed. While the Poisson(\) distribution
is convolution-closed in its single parameter A and the N(u,o?) distribution is convolution-
closed in the two-dimensional parameter (i, 0%), other distributions, such as the Gamma, are
convolution-closed in just one parameter with the other parameter(s) held fixed. Table 5.1

provides details about some well-known convolution-closed distributions.

Remark 5.1 (Expectation is linear in \) Let F\ for A € A be a convolution-closed dis-
tribution. By definition, if X' ~ Fy\, and X" ~ F\, and \y + Xy € A, then X'+ X" ~ F\, 1),
If these distributions have first moments, then E[X' + X"] = E[X'] + E[X"]. Thus, outside
of contrived counterexamples, E[X] for X ~ Fy is a linear function of the parameter \. We
say distributions whose expectation is linear in \ (e.g. all distributions in Table 5.1) satisfy

the linear expectation property.

For a convolution-closed distribution F), suppose that X’ ~ F, and X" ~ F), with
X" 1L X". Let Gy, . denote the conditional distribution of X’ | X’ + X” = z. The

density of the distribution G}, \,, can be written down for any F) with a known density
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Table 5.1: A partial list of convolution-closed distributions. The last two rows contain
multivariate distributions. The results in each row are easily verifiable. The generalized
Poisson and Tweedie distributions are written in their additive exponential dispersion family
parameterization; see Jorgensen and Song [1998] for details

Distribution Notes

X ~ Poisson(\), where E[X] = X and Var(X) = A. Convolution-closed in A.

X ~ N(p,02), where E[X] = p and Var[X] = 02. Convolution-closed in (i, 0?).

X ~ NegativeBinomial(r, p), where E[X] = 7"1%’” and Var[X]| = rlp_—zp. Convolution-closed in 7 if p is fixed.

X ~ Gamma(a, 3), where E[X] = % and Var(X) = [% Convolution-closed in « if 3 is fixed.

X ~ Binomial(r, p), where E[X] = rp and Var(X) = rp(1 — p). Convolution-closed in 7 if p is fixed.

X ~ InverseGaussian(uw, Aw?) with E[X] = pyw and Var(X) = %32'”73 = ﬂf—s Convolution-closed in w if  and A are fixed.
X ~ GeneralizedPoisson(A\, 6), see Jorgensen and Song [1998] for parameterization.  Convolution-closed in A if 6 is fixed.

X ~ Tweediep (X, 0), see Jorgensen and Song [1998] for parameterization. Convolution-closed in \ if 6 and p are fixed.
X ~ Ng (p, %), with E[X] = 4 and Var(X) = X. Convolution-closed in (p, X).

X ~ Multinomialy, (r,p), with E[X] = rp and Var(X) = r (diag(p) — ppT). Convolution-closed in r if p is fixed.

function [Jergensen, 1992]. Furthermore, it turns out that G, », . has a simple closed form
for several of the well-known distributions from Table 5.1; see Table 5.2. For example, if F)

is the Poisson(\) distribution, then G, i, is the Binomial (2, A1 /(A1 + Ag)) distribution.

5.2.2  Data thinning

Recall from Section 5.2.1 that G, », . is the conditional distribution of X' | X' + X" = «,
where X' ~ F\, and X" ~ F,, with X’ 1l X”. We now introduce our proposal.

Algorithm 5.1 (Data thinning) Observe a realization x of X ~ Fy, where the distri-
bution Fy is convolution-closed in \ with parameter space A. For any value of € € (0,1)
such that e € A and (1 — )\ € A, first draw XV | X = ~ Ger(1—ore, and then let
X2 = x — xM,

We now introduce our main theorem, which is motivated by a proposal by Joe [1996] to

construct autoregressive time series processes with known marginal distributions.

Theorem 5.1 Suppose that we apply Algorithm 5.1 to a realization x of X ~ Fy. Then,
the following results hold: (i) XM ~ F.\ and X® ~ Fy_gy; (i) X 1L X®; (34i) If Fy
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satisfies the linear expectation property (Remark 5.1), then E[XW] = ¢ E[X] and E[X®?)] =
(1—€) E[X].

Theorem 5.1 is proven in Section D.2.1 of the supplementary materials. The intuition for
parts (i) and (ii) is as follows: if X ~ F), then X could have arisen as the sum of two inde-
pendent random variables X’ ~ F), and X" ~ F),, with A\; + Ay = A. Algorithm 5.1 works
backwards to undo this sum by generating X and X that follow the same distribution
as X' and X”. Part (iii) follows from Remark 5.1. As we will see in Section 5.2.3, € € (0,1)
is a tuning parameter that governs a tradeoff between how much information is in X as
opposed to X ).

Theorem 5.1 guarantees that the decomposition provided by Algorithm 5.1 satisfies the
goals given in Section 5.1: namely X = XM + X®@ XO 1| X® and X and X®
follow the same distribution as X, up to a (known) scaling of a parameter. Table 5.2
summarizes the data thinning proposal for several well-known distributions. The proposal
in this chapter extends well beyond this set of distributions, although in some cases the

conditional distribution G}, \, . may not have a recognizable form.

Remark 5.2 Some of the decompositions presented in Table 5.2 require knowledge of an
additional parameter that is not of primary interest. For example, like the decomposition of
the Gaussian given in Leiner et al. [2022] and ?, thinning the N(u, o) distribution requires
knowledge of 0. In Section 5.2.4, we explore the implications of performing data thinning

in the presence of an unknown nuisance parameter.

Remark 5.3 Table 5.2 indicates that thinning the Binomial(r, p) distribution requires that
er take on an integer value. This is because the binomial distribution is not infinitely divisible
[Joe, 1996]. This restriction becomes more limiting in the extension to multiple folds given

in Section 5.3, and prevents us from thinning the Bernoulli distribution.

We now give an example of an application where data thinning is useful in practice.
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Example 5.2 (Model evaluation for unsupervised learning using data thinning) Suppose
we observe X;; fori=1,...,n and j = 1,...,d, where either each X;; is drawn indepen-

dently from a univariate convolution-closed distribution that satisfies the linear expectation
property from Remark 5.1, or else each row (X1, ..., X;q)T is drawn independently from a
multivariate convolution-closed distribution that satisfies the linear expectation property.

We wish to evaluate ji(X) obtained from unsupervised learning (e.g. clustering) on X,
as an estimator for E[X]. Computing a loss function between ji(X) and X is unsatisfactory,
since the loss function will take on a small value if we overfit the mean. Instead, we apply
Algorithm 5.1 with € € (0,1) to either each element or each row in X, such that each element
Xij; s thinned into Xi(jl) and Xl-(j2). We compute (XM by applying unsupervised learning to
X W (step 1). This provides an estimator of E[XM] = € E[X] (Theorem 5.1, part (iii)). We
then compute a loss function between (X)) and X@ (step 2). The independence between

XW and X prevents the loss function from taking on a small value due to overfitting.

In Example 5.2, if ¢ = 0.5, then E[XV] = E[X®] = 0.5E[X]. Thus, 4(X®) is an
estimator of E[X(?)], and so devising a suitable loss function in step 2 is straightforward. If
€ # 0.5, then (X®) is a plug-in estimator of /(1 — €) E[X®] (Theorem 5.1); we discuss
this further in Section 5.2.3.

5.2.83 Role of the parameter €

In Algorithm 5.1, the parameter € governs a trade-off between the information in X and

X @,

Example 5.3 (Fisher information in thinned Poisson distribution) Let X ~ Poisson(\).
We thin X to obtain XV ~ Poisson(e)) and X ~ Poisson((1 — €)A). Let Ix(\) de-
note the Fisher information contained in X about the parameter X\. Then Ix(\) = 1/A,

IX(1)()\> = 6[)(()\), and IX(2)<>\) = (1 - 6)[}(()\)

Example 5.4 (Fisher information in thinned binomial distribution) Let X ~ Binomial(r,p).

We thin X to obtain X ~ Binomial(er,p) and X® ~ Binomial((1 — €)r,p). Let Ix(p)
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Table 5.2: Details of data thinning for several well-known distributions, using the param-
eterizations given in Table 5.1. While the exponential distribution itself is not convolution-
closed, writing the Exponential(\) distribution as Gamma(1, \) yields a decomposition. In
all cases, the distribution of X® matches that of X! with e replaced by (1 — ¢€), with
X0 | x@

Distribution of X Generate X(1) | X =z as: Dist. of X(1) Notes

Poisson(\) Draw X | X = & ~ Binomial(z, €). Poisson(e\)

N(u,o?) Draw X1 | X = & ~ N(ez, e(1 — €)0?). N(eu, ea?) o2 must be known.

NegativeBinomial(r,p) Draw X(1) | X = z ~ BetaBinomial(z, er, (1 — €)r). NegativeBinomial(er,p)  r must be known.

Gamma(a, f3) Draw Z ~ Beta (ec, (1 — €)a), and let X(1) =z . Z. Gamma(ea, 8) o must be known.

Exponential(\) Draw Z ~ Beta(e, (1 —€)), and let XV =z . Z. Gamma(e, A)

Binomial(r, p) Draw X | X = 2 ~ Hypergeometric(er, (1 — €)r,z).  Binomial(er, p) r must be known

er must be integer.

Ni(p, %) Draw X | X =z ~ N(ez, e(1 — €)X). Ng (ep, €X) 3 must be known.

Multinomialg (r, p) Draw X (1) | X =x~ Multinomialy (er, p) r must be known.
MultivariateHypergeometric(z1, z2, . . ., Tk, €r). er must be integer.

denote the Fisher information contained in X about the parameter p. Then Ix(p) = r/(p(1—
p)): Ixw(p) = elx(p), and Ixe (p) = (1 — €)Ix(p).

Similar results hold for other distributions in Table 5.2. Intuitively, as € increases, the
amount of information in XM about the parameter of interest increases, and the amount
of information in X decreases. This has implications for Example 5.2: as e increases,
the quality of the estimator of the expected value increases (step 1), but the information
available for computing the loss between this estimator and X decreases (step 2).

In Section 5.2.2, we mentioned that the loss function in step 2 of Example 5.2 must be

chosen with care when € # 0.5. This can be seen in the following example.

Example 5.5 (Example 5.2 with mean squared error loss) Consider step 2 of Exam-
ple 5.2 with mean squared error loss. Since E[X®] = (1 —€)/e x E[XW], we compute the

loss as

1 1—c¢
nd H

‘X@) —

F

where the factor of (1 — €)/e turns an estimate of E[XM] into an estimate of E[X?)].
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As we will see in Section 5.4, we can also use alternative loss functions, such as negative
log likelihood, when considering Example 5.2.

Example 5.2 focuses on using data thinning to evaluate an estimator, and Sections 5.4
and 5.5 of this chapter focus on model selection and assessment. However, data thinning
can also be applied in a variety of other settings, such as inference after variable selection
in regression [Leiner et al., 2022]. In these settings, the parameter € still governs a trade-off

between the information available in X, used for selection, and X, used for inference.

5.2.4  Effect of unknown nuisance parameters

For several of the distributions in Table 5.2, data thinning requires knowledge of a nuisance
parameter. For example, thinning a N(yu, 0?) distribution requires knowledge of 2.
We now consider what happens when we perform data thinning on normally-distributed

data using an incorrect value of the variance. We refer to this incorrect value as 2.

Proposition 5.2.1 Suppose that we observe x from X ~ N(u,0?). We draw XV | X =
x ~ N(ex,e(1 — €)5?), for some & that is not a function of z, and let X® = X — XU,
Then: (i) XU ~ N (ep, €20% + (1 — €)5?), (1) X@ ~ N ((1 = €)p, (1 — €)?0? + €(1 — €)5?),
and (iii) cov (XM, X®) = ¢(1 —€) (62 — 7).

Proposition 5.2.1(iii) indicates that if we apply data thinning with not enough noise (62 <
0?), then XM and X® are positively correlated. On the other hand, if we apply data
thinning with too much noise (6% > ¢?), then X! and X® are negatively correlated.

Similar results hold for the negative binomial distribution and the Gamma distribution.

Proposition 5.2.2 Suppose that we observe x from X ~ NegativeBinomial(r, p). We draw
XM | X = 2 ~ BetaBin (z, ¢7, (1 — €)7) for some 7 that is not a function of x, and let

2
XC) = X = XO. Then cov (X0, X®) = e(1 — ) (12) (1 - £21).

Proposition 5.2.3 Suppose that we observe x from X ~ Gamma(a, ). We let X =
x X Z, where Z ~ Beta(eq, (1 —¢€)a) for some & that is not a function of x. We let

X® =X - XW. Then cov (XU, X®) = e(1—¢) & (1 - ¢5).
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Figure 5.1: Left: We generate 100,000 realizations of X ~ N(7,5). For 50 values of 52,
we thin X into X® and X® using 2 instead of 0® = 5. Center: We generate 100,000
realizations of X ~ NB(7,0.7). For 50 values of #, we thin X into X(!) and X® using 7
instead of r = 7. Right: We generate 100,000 realizations of X ~ Gamma(7,5). For 50
values of &, we thin X into X and X® using @ instead of o = 7. All: In each panel, for
each value of the nuisance parameter, we display the empirical correlation between X and
X®@ (red dots), along with the theoretical correlation suggested by Propositions 5.2.1-5.2.3
(blue lines).

Propositions 5.2.1-5.2.3 are proven in Section D.2.2. Figure 5.1 verifies these results

empirically. The results in this section assume that &, b, and & are not a function of X. In

practice, one might estimate the unknown parameters o, b, and « using additional data.
5.3 DMultifold data thinning

Data thinning involves decomposing X into X and X which each have the same distri-
bution as X (up to a known parameter scaling). It can be applied recursively to create M

independent data folds, XV, ..., XM that sum to X, as in the following example.

Example 5.6 (Recursive thinning of the normal distribution) Let z denote a real-
ization of X ~ N(u,0%). Given €1,¢e3,e3 € (0,1) with ¢, + €5 + €3 = 1, we first draw
XWX ~N(aX,e(l—e)o?). Let X3 = X — XU By Theorem 5.1, (X, X9 ~
N (e1p1,610%) x N ((1 = €1)p, (1 — €1)0?).

We next draw X® | XZ3 ~ N (G—QX(Z’S), 2 (1 — —2)(1 - 61>02), and let X©®) =

1—e€1 1—eq 1—eq
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X - XW—X®_ By Theorem 5.1, (X, X®)) ~ N(eap, €20%) x N(ezpu, €30%). Furthermore,
since (X(2), X(S)) is a function of X% each of X® and X® remain independent of X).
Thus, (X(l),X(2),X(3)) ~ N (€1p1,€10%) x N(eapt, €20%) X N ez, e302).

While Example 5.6 can be extended to create M > 3 folds, this recursive approach
can be cumbersome. In Example 5.1 of Section 5.1, we saw that, for the Gamma dis-
tribution, there is a simple way to create multiple folds without recursion. We will now

provide a general form of this result. Let Gy, ,,. 1,2 denote the joint distribution of

(X1,....Xn) | X+ Xo+ ...+ Xy = 2, where X, g F\, , form =1,..., M, and where
F) is a convolution-closed distribution. The following algorithm and theorem mimic Algo-

rithm 5.1 and Theorem 5.1.

Algorithm 5.2 (Multifold data thinning) Observe a realization x of X ~ F)\, where F)
is a convolution-closed distribution with parameter space A. First, choose €1, ..., ey € (0,1)
such that 2%21 em = 1 and e, N € A form = 1,... M. Then, draw (X(l),...,X(M)) ~

Gq)\,eg)\ ,,,,, EMA,T "

Theorem 5.2 Suppose we apply Algorithm 5.2 to a realization x of X ~ F, for a convolution-
closed distribution Fy. Then, the following results hold: (i) X™ ~ F. \ form=1,...,M;
(ii) XU ... XM gre mutually independent; (i) XMW + X@ ... 4+ XM = X and (iv)
if Fy\ satisfies the linear expectation property (Remark 5.1), then E[X™)] = ¢, E[X] for
m=1,...,M.

The proof of Theorem 5.2 is included in Section D.2.1, and is a straightforward extension
of that of Theorem 5.1. The intuition for parts (i)-(iii) is as follows: we know that X ~ F)
could have arisen as the sum of M mutually independent random variables X, ..., X,; such

that X, ~ F.. If we draw (XM, ..., XM)|X = 2 ~ Geren,.enre, then the joint
distribution of (X(l), o ,X(M)) equals the joint distribution of (Xi,..., X)), i.e. it is the
joint distribution of M independent random variables with distributions F¢,,, ..., F¢,, . Part
(iv) follows directly from Remark 5.1. We now revisit the case of the normal distribution

from Example 5.6.
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Table 5.3: Details of how to perform multifold data thinning (Algorithm 5.2) for several
common univariate distributions, where where ¢ = (e1,...,ep)?. In the decomposition of
the binomial distribution, €,,r must be an integer. Each row can be verified using properties
of these distributions

Distribution of X Generate (X<1>, e X(M)) | X =X as: Dist. of X(m)

Poisson(\) (X(l), A X(M)) | X = x ~ Multinomial(z, €1, ...,€enr). Poisson(em )

N(p,02) (X(l), AN X(M)) | X =z ~ N (e, o2diag(e) — o2eeT), N(empt, €mo?),
NegativeBinomial(r, p) (X(l), e, X(M)) | X = 2 ~ DirichletMultinomial(X, e17, ..., enr). NegativeBinomial(ey, 7, p)
Gamma(a, 8) Draw Z ~ Dirichlet (e1q, ..., epra), and and let (X<1), ce X(M)) =xz-Z Gammal(ena, ()
Exponential(\) Draw Z ~ Dirichlet(er,...,€epnr), and let (X<1), ... ,X(M)) =x-Z. Gamma(em, A)
Binomial(r, p) (X(l), R X(M)) | X = x ~ MultivariateHypergeometric(eir,...,epr,x).  Binomial(emr, p)

Example 5.7 (Multifold thinning of the normal distribution) Let X ~ N(u,0?) and
let €1, €2, €3 > 0 with 23:1 €, = 1. To generate M = 3 independent folds of the data, we draw

x@) €17 e1(1 — €1)o? —€16902 —€1€30°2
X@| | X=x~N ez, —€1€90°2 €a(1 — €3)0? —€9€30°
xX®) €3T —€1€302 —€9€302 e3(1 — e3)0?

One can verify that this multivariate normal corresponds to Ge,x eonesne- By Theorem 5.2,
XMW X and X are independent and X ™ ~ N(empt, €mo?) for m = 1,2,3. This dis-
tribution Gexenesnz 95 a degenerate multivariate normal distribution, which enforces the

constraint that the realized values of XM, X@  and X sum to x.

Table 5.3 reveals that G x e eyre 0 Algorithm 5.2 has a very simple form for ev-
ery univariate distribution in Table 5.2. We omit the multivariate distributions to avoid
cumbersome notation.

The parameters €y, . .., €y in Algorithm 5.2 govern the same information tradeoff that was
described in Section 5.2.3. Folds with the largest values of ¢,, contain the most information

about the parameter of interest. We now consider the following extension of Example 5.2.

Example 5.8 (Cross validation for unsupervised learning using multifold thinning)
In the setting of Example 5.2, we apply Algorithm 5.2 with parameters €y, . .., €y to thin each

element X;; into Xz-(jl), e 7Xz'(jM)'
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Then, form = 1,..., M, we first define X™ = X — X and apply unsupervised
learning to X=™) to obtain i (X™), which is an estimator of E[X"™] = (1 — ¢,,) E[X]
(step 1). We then compute a loss function between j(X™)) and X™ (step 2). For
example, as in Example 5.5, we can compute the mean squared error between ;—fmﬂ(X (_m))

and X™ . We evaluate the estimator i(-) by averaging the loss across folds.

For simplicity, we suggest setting ¢; = ... = ¢y = 1/M. The advantage of multifold
thinning (Example 5.8) over single fold thinning with e = 1/M (Example 5.2) is reduction of
the variance of the loss function via averaging. We will demonstrate the practical advantages

of multifold thinning in Section 5.4.

5.4 Simulation study

5.4.1 Simulation setup

Data thinning can be applied to a variety of settings, including the inference after model
selection problems considered in Leiner et al. [2022], and to cross validation for supervised
learning. Here, we focus on the application of data thinning to cross-validation for unsu-
pervised learning. Data thinning is particularly attractive in this setting, as a traditional
sample splitting approach is not suitable; see Owen and Perry [2009] or Fu and Perry [2020]
for further discussion. In what follows, we apply data thinning and multifold thinning to
unsupervised learning problems, and contrast their performance against naive approaches
that use the same data to both fit and validate the unsupervised models. Specifically, we

consider Examples 5.9 and 5.10.

Example 5.9 (Choosing the number of principal components on binomial data)

We generate data with n = 250 observations and d = 100 dimensions. Specifically, for
t=1,...,nand 3 =1,...,d, we generate X;; kS Binomial(r, p;;) where r = 100 and p is
an unknown n X d matriz of probabilities. We construct logit(p) as a rank-K* = 10 matriz
with singular values 5,6, ..., 14. Additional details are provided in Section D.4. Our goal is

to estimate K*.
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Ny .
-

Figure 5.2: Left: A simulated dataset in the d = 2, K* = 4 setting described in Exam-
ple 5.10. Center/Right: The result of data thinning with € = 0.5.

Example 5.10 (Choosing the number of clusters on Gamma data) We generate datasets
X € R™® such that there are 100 observations in each of K* clusters, for a total of
n = 100K™* observations. Our objective is to estimate K*. We let X,; £ Gamma(\, 0y, ;),
fori=1,....n and j = 1,...,d, where ¢; € {1,2,..., K*} indexes the true cluster mem-
bership of the ith observation. The shape parameter \ is a known constant common across
all clusters and all dimensions, whereas the rate parameter 6 is an unknown K* x d matriz
such that each cluster has its own d-dimensional rate parameter. We generate data under
two regimes: (1) a small d, small K* regime in which d = 2 and K* = 4, and (2) a large
d, large K* regime in which d = 100 and K* = 10. The values of A\ and 0 are provided in
Section D.4. A sample “small d, small K*” dataset is presented in Figure 5.2, alongside the

output of data thinning with € = 0.5.

5.4.2  Methods

We use Algorithm 5.3 to select the number of principal components in binomial data, as in

Example 5.9, using data thinning.

Algorithm 5.3 (Evaluating binomial principal components with negative log-likelihood loss)

Input: A positive integer K, a matriz X € Z%d, where X g Binomial(r, p;;), and non-

negative scalars €™ and etet) = 1 — (train) gyeh that etrain)y ltest)y ¢ 7
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. Apply data thinning to X to obtain X 2" gnd X ) where X l-(;rain) "% Binomial (etrain)p pi)

and Xi(;est 1nd BlIlOl’Illal( (test),’,7 pij)

. Compute the singular value decomposition of the log-odds of X (train)

logit {(X (iraim) 4 ), 001) /(e(train)y 4 0.002)} = UDVT. Pseudo-counts prevent taking
the logit of 0 or 1.

. Construct the rank-K approzimation of X ®20)  pK) — expit (U};Kf)l;KVLK).

. Compute the negative log-likelihood loss on X Y qs —>°" ZJ log f ( (test) T, Dij

test) (K) )

where f(- | r,p) is the density function for the Binomial(r,p) distribution.

We use Algorithm 5.4 to select the number of clusters in Gamma data, as in Example 5.10,

using data thinning.

Algorithm 5.4 (Evaluating Gamma clusters with negative log-likelihood loss)

Input: A positive integer K, and X € R™? where X;; g Gamma (X, 6., ;). Here, 0 €

(0, 00)K™ >4 where 0., ; is the true but unknown rate parameter for the c;th cluster in the jth

dimension, ¢; € {1,2,...,K*}, and X is the known shape parameter. Also, non-negative

scalars €

(train) (test) — 1— E(train)_

and €

1. Apply data thinning to X to obtain X @) qnd X et where Xi(;rain) 2 Gamma (etraim ) 6, )
e 1nd o5
and XZ.(; <t) ~ Gamma (e, 0, ;).

. Run K-means on X" to estimate K clusters. Denote the cluster assignment of the

ith observation as ¢;.

. Within each cluster, estimate the parameters using X " [Ye and Chen, 2017, Louzada
et al., 2019]. Let AE) and 09 denote the K x d estimated parameter matrices.

. Compute the loss on XY g5 — 3" Z] log f ( (test)
f(- 1 A 8) is the density function for the Gamma(\, 6) dzstmbution.

( K) 6(test) /e(train) é{@) , where

770Gy
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We apply Algorithms 5.3 and 5.4 in three different ways. First, we apply them without
modification, with 2" = 0.5 and (") = (.8, Next, we slightly modify these algorithms
by replacing step 1 with multi-fold thinning (Algorithm 5.2) with M = 5 and ¢; = -+ =
ey = 0.2. For m = 1,..., M, we then perform steps 2-4 using X2 = X — X(m)
e®rain) — (A — 1) /M and Xtes) = X () ¢ltest) — 1/)/. We then average the loss functions
obtained across the M applications of step 4. Finally, we consider a naive method that
re-uses data, by skipping step 1, and simply taking X (t2in) = X (test) — X ip steps 2-4 and
eltrain) — (test) — 1 ip gtep 4.

Our goal is to select the value of K that minimizes the loss function. Because data
thinning produces independent training and test sets, we expect that the data thinning
approaches will produce U-shaped loss function curves, as a function of K. By contrast, in
the naive approach, the full data X is used to fit the model and to compute the loss functions
in Algorithms 5.3 and 5.4, resulting in monotonically decreasing loss curves, as a function
of K.

Other loss functions can be used in lieu of the negative log-likelihood loss in Algorithms
5.3 and 5.4. In Section D.5 of the supplementary materials, we extend Algorithms 5.3 and

5.4 to the case of mean squared error loss, and show similar results.

5.4.3 Results

Figure 5.3 displays the loss function for all three simulation settings as a function of K
results have been averaged over 2,000 simulated datasets and rescaled to the [0, 1] interval
for ease of comparison. The values of K with the lowest average loss function are circled on
the plots. As expected, the data thinning approaches in Figure 5.3 exhibit sharp minimum
values, as opposed to the monotonically decreasing curves produced by the naive method.
The data thinning approaches correctly select the true value of K = K™ in all three settings,

(train)

except for data thinning with € = 0.5 in the binomial principal components setting. In

train)

that case, the low value of ¢ allocates too much information to the test set, resulting

in inadequate signal from the weakest principal components in the training set. Selecting a
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Figure 5.3: The negative log-likelihood loss averaged over 2,000 simulated data sets, as a
function of K, for the naive method (purple), data thinning with ¢ = 0.5 (red), data
thinning with € = 0.8 (blue), and multifold thinning with M = 5 folds (green). Each
curve has been rescaled to take on values between 0 and 1, for ease of comparison. The
minimum loss values for each method are circled, and K™ is indicated by the vertical black
line.

train)

larger value of e remedies this issue, as seen with e(t2i®) = 0.8,

train

We further investigate the role of € by repeating the simulation study using differ-

train

ent values of €™ for single-fold data thinning. In Figure 5.4, we plot the proportion of
simulations that select the correct value of K* (i.e. the proportion of simulations in which
the loss function is minimized at K = K*) in each of the three settings, as a function of

E(train

). We find that in the Gamma clustering simulations, lower values of € are adequate.
However, settings with weaker signal, such as the binomial principal components example,
require larger values of € to identify the true latent structure. In all settings, as € approaches
1, performance begins to decay. This is a consequence of inadequate information remaining
in the test set under large values of €, and is consistent with the discussion of Section 5.2.3.

train)

These findings suggest that in practice, the optimal value of € is context-dependent.

Finally, we examine the benefits of multifold data thinning over single-fold data thinning.
Figure 5.5 displays histograms of the number of simulations that select each value of K. Here
we only include data thinning with (2" = 0.8 and multifold thinning with M = 5, so that

both methods use the same allocation of information between training and test sets. We see
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Figure 5.4: The proportion of simulations for which data thinning selects the true value
of K* with the negative log-likelihood loss, as a function of €™ for the simulation study
described in Section 5.4.1. The optimal value of (2" depends on the problem at hand.

that multifold thinning generally selects the correct value of K more often than single-fold
data thinning, mirroring the improvement of M-fold cross-validation using sample splitting
over single-fold sample splitting in supervised settings. However, in the large Gamma setting,
the signal is strong enough that multifold thinning does not provide a benefit over single-fold

thinning.
5.5 Selecting the number of principal components in gene expression data

In this section, we revisit an analysis of a dataset from a single-cell RNA sequencing ex-
periment conducted on a set of peripheral blood mononuclear cells. The dataset is freely
available from 10X Genomics, and was previously analyzed in the “Guided Clustering Tu-
torial” vignette [Hoffman et al., 2022] for the popular R package Seurat [Hao et al., 2021,
Stuart et al., 2019, Satija et al., 2015].

The dataset X is a sparse matrix of non-negative integers, representing counts from
32,738 genes in each of 2,700 cells. We consider applying principal components analysis
to learn a low-dimensional representation of the data. In the Seurat vignette, filtering,
normalization, log-transformation, feature selection, centering, and scaling are applied to
the data, yielding a transformed matrix Y € R2038x2000 Details are provided in Section D.6

of the supplementary materials. Finally, the singular value decomposition of Y is computed,
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Figure 5.5: The proportion of simulated data sets in which each candidate value of K is
selected, with the negative log-likelihood loss, under data thinning with ¢ = 0.8 (blue)
and multifold thinning with M =5 (green), for each of the simulation settings described in
Section 5.4.1. The true value of K* is indicated by the vertical black line. Multifold thinning
tends to select the true value of K more often than single-fold thinning.
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such that Y = UDVT. Here we let Uy represent the kth column of the matrix U, and let

Ui.xDx. KVEK represent the rank-K approximation of Y.

Our goal is to select the number of dimensions to use in this low-rank approximation.
In the Seurat vignette, the authors rely on heuristic solutions such as looking for an elbow
in the plot of the standard deviation of Ux Dy as a function of K; see Figure 5.6(a) [James
et al., 2013]. Based on the elbow plot, the authors suggest retaining around 7 principal

components. Other heuristic approaches suggest as many as 12 principal components.

Before introducing the data thinning solution, we introduce a squared-error based for-
mulation that is mathematically equivalent to the traditional elbow plot (see Section D.6),
but will facilitate a direct comparison with data thinning. For K = 1,...,20, we compute
the sum of squared errors between the matrix Y and its rank-K approximation:

2

Hff ~ Ui DuacVilg |

Because the low-rank approximation Uj.x D;. KVITK is computed using }7, this loss function

monotonically decreases with K. A heuristic solution for deciding how many principal com-
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ponents to retain involves looking for the point in which the slope of the curve in Figure 5.6(b)
begins to flatten. While this appears to happen around 5-7 principal components, which is
consistent with the finding from Figure 5.6(a), the exact number of principal components to
retain is still unclear. We now show that data thinning provides a less heuristic approach
for estimating the number of principal components.

Single-cell RNA-sequencing data are often modeled as independent Poisson random vari-
ables [Wang et al., 2018, Sarkar and Stephens, 2021]. Thus, we assume that X;; ~ Poisson(A;;).

Starting with the raw data matrix X € ZZ)"***™®

, we perform Poisson data thinning with
€ = 0.5 to obtain a training set X(V) and a test set X?, which are independent if the Poisson
assumption holds. Furthermore, as ¢ = 0.5, they are identically distributed. We then carry
out the data processing described in Section D.6 on XM to obtain Y1) ¢ [R2638x2000 e
obtain Y@ e R2638x2000 by applying the same data processing steps to X, but retaining
only the features that were selected on X, so that the rows and columns of Y and Y®
correspond to the same genes and cells. Details are in Section D.6.

We compute the singular value decomposition on the training set, Y1) = 7@ p® (v ()T
For a range of values of K, we then compute the sum of squared errors between Y® and

1 1 1
VDU 2

[7e - o D v 5

F
The results are shown in Figure 5.6(c). As we are not computing and evaluating the singular
value decomposition using the same data, the plot of K vs. the loss function is not mono-
tonically decreasing in K. Instead, it reaches a clear minimum at K = 7, suggesting that
the rank-7 approximation provides the best fit to the observed data. Thus, data thinning

provides a simple and non-heuristic way to select the number of principal components.

Remark 5.4 (Choice of ¢) If we had chosen e # 0.5, then while E[X®)] = (1—¢) /e E[X V)],
the relationship between E[Y (V] and E[Y ®] would depend on the details of the data processing

described in Section 5.2, and the loss function in (5.1) would need to be modified accordingly.

Remark 5.5 (Overdispersion) While we used a Poisson model for scRNA-seq data, there
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Figure 5.6: Results for the data analysis in Section 5.5. (a) An “elbow plot” of the standard
deviation of the principal components, which reproduces the plot given in the Seurat guided
clustering tutorial. (b) Due to the relationship between the sum of squared errors and the
standard deviation of the principal components (see Section D.6), looking for an elbow in
(a) is equivalent to looking for an elbow in (b). (¢) The data-thinning version of (b), which
shows a clear minimum in the loss function at 7 principal components.

1s evidence that a negative binomial model may be preferable in some settings. It is possible
to modify the analysis in this section using negative binomial data thinning, as in Neufeld

et al. [2023b] (in preparation).
5.6 Discussion

While we focused on applying data thinning to develop a version of cross-validation that is
suitable for unsupervised learning, data thinning can also be applied in supervised settings,
and may still provide advantages over sample splitting in these settings where sample splitting
is an option. For example, cross-validation via data thinning might be preferable to cross-
validation via sample splitting in supervised settings if the sample size is small and we wish
to avoid excluding high-leverage points from the training set [Leiner et al., 2022]. It may also
have power advantages to approaches such as sample splitting or selective inference [Fithian

et al., 2014] in problems such as inference after variable selection. Finally, it can be used
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to estimate a model’s test set error for a range of distributions, along the lines of existing
work for the normal distribution [Oliveira et al., 2021] and the Poisson distribution [Oliveira
et al., 2022], which may be particularly useful in “fixed-X” regression settings.

While we focused on distributions for which the conditional distribution Gy, , . takes a
simple form (see Table 5.2), the framework can easily be used to study convolution-closed
distributions for which G}, \, . takes an unfamiliar form; we just need to sample from it.

In Section 5.2.4, we considered the impact of using the incorrect value of a nuisance
parameter when performing data thinning, but we did not consider what happens when
the nuisance parameter is estimated using the data itself. In future work, we will consider
the theoretical and empirical implications of performing data thinning with an estimated
nuisance parameter. Furthermore, we focused on convolution-closed distributions and thus
used additive decompositions where X = XM + X For distributions with bounded
support, such as the Beta distribution, non-additive decompositions are needed. We leave
such decompositions to future work.

An R package implementing data thinning and scripts to reproduce the results in this

chapter are available at https://anna-neufeld.github.io/datathin/.
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Chapter 6
DISCUSSION

Throughout this dissertation, we saw that double dipping is a common pitfall in data
analysis that can lead to inflated Type 1 error rates or lead us to select models that overfit
the observed data. In this dissertation, we considered three general strategies for avoiding
double dipping; selective inference, sample splitting, and data thinning. In this section, we
review the advantages and disadvantages of the three approaches, and then describe some
ongoing work that addresses the disadvantages of data thinning. This discussion includes

material from Dharamshi et al. [2023].

6.1 Review of approaches for addressing double dipping

In Chapter 2, we saw that selective inference can provide an elegant way to test data-
generated hypotheses while directly accounting for specific, pre-specified hypothesis gener-
ating mechanisms. The key advantage of such tailored approaches is that no information
is lost at the hypothesis selection stage. In the context of Chapter 2, this meant that an
analyst could fit a CART tree to their entire dataset and still subsequently conduct infer-
ence on the given CART tree. This may be satisfying to a data analyst, who wishes to test
a hypothesis about a given tree that they have already fit to their entire dataset, not an
inferior tree built to only half of the data that may suggest entirely different hypotheses.
However, selective inference also has numerous disadvantages. The price of using all of our
data for hypothesis generation is that our power to test these hypotheses can be quite low
in practice (see Section B.3). More importantly, selective inference approaches are very in-
flexible; an analyst must be carrying out a very rigid (and likely very simple) hypothesis

generation strategy, and it must be one that already has a selective inference paper written
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about it. This hypothesis selection procedure must be pre-specified, and must be amendable
to analytical characterization. Finally, selective inference approaches (including the one in
Chapter 2) often require that the data follow a Gaussian distribution.

We briefly note that, while not the focus of this dissertation, there are also highly specific
and elegant ways to account for double dipping in the context of model evaluation and
selection. These share many of the same advantages and drawbacks as selective inference.
For examples, proposals to de-bias the “in-sample” estimate of expected prediction error tend
to be specialized to simple, pre-specified models, and thus do not provide an all-purpose tool
that is broadly applicable to complex contemporary settings [Oliveira et al., 2021].

On the other end of the extreme, sample splitting is a very flexible tool that is a staple
of modern statistics and machine learning courses. Unlike selective inference or specific
approaches to de-biasing in-sample prediction error, sample splitting can be used to avoid
double dipping in a wide variety of settings. This includes settings where the hypothesis
selection procedure cannot be described a priori; i.e. it can involve an expert looking at the
data. Sample splitting can also be used in non-parametric settings with no distributional
assumptions.

One downside of sample splitting compared to selective inference is that we only get
to use a portion of the data for hypothesis selection. As different splits of the data can
produce different hypotheses, two analysts studying the same data could end up answering
different questions. As pointed out by Rasines and Young [2022], this is not a good reason
to discount sample splitting entirely. Whenever our data are randomly sampled from a
population, hypothesis selection based on the full data is subject to the same type of issue—
a new analyst analyzing a new dataset could end up answering a different question. However,

sample splitting still suffers from some additional drawbacks.
1. If the data contain outliers, then each outlier is assigned to a single subsample.

2. If one is interested in drawing conclusions at a per-observation level, then sample

splitting is unsuitable. For example, if sample splitting is applied to a dataset consisting
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of the 50 states of the United States, then one can only conduct inference or perform

validation on those states not used in fitting.

3. If the model of interest is fit using unsupervised learning, then sample splitting may
not be applicable. This is discussed in Chapters 3, 4, and 5 of this thesis, as well as in
Gao et al. [2022], Chen and Witten [2023], Fu and Perry [2020] and Owen and Perry
[2009].

4. In a fixed-covariate regression setting, the interpretation of the coefficients changes

between the training and test set, leading to challenges with interpretation.

In Chapters 3, 4, and 5, we developed count splitting and then generalized the idea to
data thinning. Broadly, data thinning shares many advantages with sample splitting; it is
a flexible wrapper that can be used to avoid double dipping in a wide variety of settings.
Furthermore, by splitting a dataset with n observations into a training set and a test that
each have entries corresponding to the same n observations, it avoids many of the drawbacks
of sample splitting mentioned above. For example, as emphasized in Chapters 3, 4, and 5,
data thinning can be used in unsupervised settings. Furthermore, while not the focus of
this thesis, data thinning can be particularly useful in fixed-X regression settings, or in cases
where we wish to avoid assigning high-leverage points or outliers to only the training set or
only the test set.

Compared to sample splitting, a major disadvantage of data thinning, as described in
Chapter 5, is that it is limited to the class of convolution-closed distributions. Further-
more, carrying out the thinning itself often requires knowledge of (potentially unknown)
parameters. Working on addressing these drawbacks is an active area of ongoing work. In
particular, in Dharamshi et al. [2023], we expand the set of distributions that can be thinned
and formally characterize conditions that must be met if we wish to be able to thin without
knowledge of the parameters of interest. In the next section, we briefly describe the contents

of this ongoing work.



113
6.2 Ongoing work on generalized data thinning

In Chapter 5, we proposed thinning a random variable X drawn from a convolution-closed
family into M independent random variables XM ... XM guch that X = an‘le X
and XM .. XM come from the same family of distributions as X. The property that
X = an/[:l XM) is desirable because it ensures that no information has been lost in the
thinning process. However, this would be equally true if we were to replace the summation
by any other deterministic function 7'(-). Likewise, the fact that X ..., X®) are from the
same family as X, while convenient, is nonessential. Our generalized thinning proposal thus

seeks to split X into M random variables such that the following two properties hold:
1) X =T7(XD, ..., XM): and (i) XY, ..., X are mutually independent.

It turns out that this generalization is broad enough to simultaneously encompass both
convolution-closed data thinning (if X is drawn from a convolution-closed distribution and
the function 7'(-) is addition) and sample splitting (if X is a vector containing multiple
independent observation and the function 7'(+) is concatenation). The added flexibility of
this definition greatly increases the scope of distributions that can be thinned. For example,
generalized thinning enables us to thin X ~ Unif(0,6) into X % 0 . Beta (ﬁ, 1), for
m =1,...,M, in such a way that X = max{X® . .. XM} A summary of distributions
covered by this work is provided in Table 6.1.

We use the following recipe for generalized data thinning. Suppose we know that if X, g

Qél) form =1,..., M, then T(Xy,..., X)) ~ Py for some distributions Q((,l), . ,Q((,M), Py
that are all indexed by parameter 6. Then, if we observe realization x of X ~ Py, we can
obtain independent random variables XM, ..., X™) by sampling them from the conditional
distribution of (Xy,...,Xy) | T(X1,...,Xn) = 2. A key contribution of Dharamshi et al.
[2023] is characterizing when we can sample from this distribution without knowledge of the

parameter §. It turns out that the key property is sufficiency. If T(XW, ..., X)) is a
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Family Distribution Py, Distribution Q((,m) Sufficient statistic T’ Reference / notes
where X ~ Py. where X (m) 24 ng). (sufficient for 6)
N(970'2) N(5m9,6m0'2)
Poisson(0) Poisson(€em,0)
NegBin(r, 6) NegBin(emr, 0)
Natural
Binomial(r, 6) Binomial(en,, ) M Neufeld et al. [2023a)
exponential mel X (m)
Gamma(a, 0) Gammal(ema, 0)
family

(in parameter 6)

NP (67 Z)
Multinomialy, (r, 6)

Np(emey Emz)

Multinomial, (€, 7, 0)

Gamma(K/2,0) N(O, 25) SM_ (x(m)®
Gamma(K, 0) Weibull(e_% V) 27]\7{:1 (X(m))u
Beta(0, 8) Beta ( 0+ = ﬁﬁ (Hﬂl\leX(m))l/M
General Beta(a, 0) Beta (—a Lo+ mTI) (mM_, (1- X(m)))l/M
exponential Gamma(6, 8) Gamma( 0+ = —, V ) (H%le(m))l M
. . _ M 1
family Weibull(6, v) Gamma( ) (Zmzl X(m))
in parameter 6 M (m)
( ) Pareto(v, 0) Gamma( 270 9) v x Exp (Zm:l X ) Dharamshi et al. [2023]
N(0,6) Gamma(5k, 2) X2=M_  x(m)
N (011m, 021pm) N(61,62) sample mean and variance
Tr ted Unif (0, 0 6 - Beta(,1
uncate nif (0, 6) eta( s, 1) max(X(l),...,X(m))
support 0 - Beta(a, 1) 0 - Beta(3,1)
family 0 4+ Exp(\) 6 + Exp(\/K) min (XM, ..., x (M)
Non-parametric Fm EFnm

The sorted and

concatenated elements.

Table 6.1: Examples of named families (indexed by an unknown parameter #) that can be
thinned into M components without knowledge of the parameter 6, where M is a positive

integer. In cases where they are used, €,, > 0 is a tuning parameter such that Zi\n/[ 1€m =1
ni,...,N,y, are integers that sum to n, and v > 0.
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sufficient statistic for # on the basis of (X" ..., X(™)) then the conditional distribution we

need to sample from will not depend on 6.

This crucial observation sheds important light on the results from Chapter 5 of this thesis,
and lets us describe the subset of convolution-closed families that can be thinned without
knowledge of the parameters of interest. Recall that the Cauchy family, Cauchy(6,6s), in-
dexed by 0 = (6;,6,), is convolution-closed. In particular, if X, X® % Cauchy (561, 302),
then XM 4+ X@ ~ Cauchy (6, 6,). However, the sum X® 4 X3 g not sufficient for either 6,
or 05 on the basis of X and X®). Thus, the main result from Dharamshi et al. [2023] says
that we cannot thin a single Cauchy random variable into two independent Cauchy random

variables without knowledge of both unknown parameters.

Jorgensen and Song [1998] point out that all convolution-closed distributions that have
moment generating functions can be written as (additive) exponential dispersion families
Fy », indexed by a canonical parameter € and a dispersion parameter A\ > 0. Distributions

in these two parameter families have densities of the form

fx(x]0,)) = h*(\, x)efs=2A0), (6.1)

g Fyy, form=1,... M, then X = Z%:l XM ~ FQVZM_ -

In these families, if X (™)
Thus, these families are always convolution-closed in the parameter A if 6 is fixed. Fur-
thermore, S_M_ X is always sufficient for # in the joint distribution of XM ... X
[Jorgensen and Song, 1998]. This tells us that, when the distributions from Chapter 5 are
written in their additive exponential dispersion family notation, we can always carry out
data thinning without knowledge of the canonical parameter 6, but we likely need to know
the value of the dispersion parameter \. We note that an exponential dispersion family with

known dispersion parameter A is a natural exponential family. Thus, the recipe from Chap-

ter 5 essentially provides a recipe for thinning natural exponential families using addition.

We note that, as sufficient statistics are not unique, natural exponential families can also

be thinned by alternate, non-additive functions 7'(-). We also note that not all natural ex-
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ponential families can be thinned. As explained in Dharamshi et al. [2023], the Bernoulli(f)
distribution cannot be thinned into independent pieces that each contain non-zero informa-
tion about # without knowledge of 6.

Generalized data thinning proposal encompasses a diverse set of existing approaches for
splitting a random variable into independent random variables, from convolution-closed data
thinning [Neufeld et al., 2023a] to sample splitting [Cox, 1975]. It provides a lens through
which these existing approaches follow from the same simple principle — sufficiency —
and can be derived through the same simple recipe. The principle of sufficiency is key to
generalized data thinning, as it enables a sampling mechanism that does not depend on
unknown parameters. When no sufficient statistic that reduces the data is available, as in
the Cauchy example above, then sample splitting is still possible. Conversely, in a setting
with n = 1 or where the elements of X = (X,...,X,) are not independent and identically
distributed, sample splitting may not be possible, but other generalized thinning approaches

may be available.

6.3 Future work

Despite the recent progress of generalized data thinning, there are still many unanswered
questions to be addressed in future work. For example, the starting place for any generalized
thinning strategy is the modeling assumption that the data are drawn from a distribution
belonging to a family P, which allows us to specify the thinning function 7'(-) and sampling

3

strategy. We provided results about applying data thinning with the “wrong” values of the
nuisance parameters in Chapter 5, but we did not study the effect of estimating nuisance
parameters from the data itself. Furthermore, we did not consider alternative types of
model misspecification, and their effects on data thinning. Rasines and Young [2022] provide
conditions under which their version of Gaussian data thinning will lead to asymptotically

valid inference after model selection if the data are non-Gaussian. We hope to provide similar

results for other types of data thinning and other types of problems in future work.
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Appendix A
APPENDICES FOR CHAPTER 2

A.1 Comparison to Loh et al. [2019]

Loh et al. [2016] and Loh et al. [2019] use regression trees to find subgroups of patients with
similar treatment effects in clinical trials. They grow trees based on patient characteristics
using a different algorithm than CART. Furthermore, they are interested in the mean treat-
ment effect (which is a linear regression coefficient) within each terminal region of the tree,
rather than the mean response within each region.

One of the goals of Loh et al. [2019] is to construct valid post-selection confidence intervals
for the treatment effect within each terminal node. In this appendix, we show that their
approach, when adapted to the setting of this paper, does not yield confidence intervals with
nominal coverage.

The basic idea of Loh et al. [2019], instantiated to our setting, is as follows. Suppose that
R4 € TREEN(y), and define the vector vy, such that (vyeq)i = Liera)/ {D>op—1 L, era) | 85
in (2.14). We know that the “naive” Z-interval does not achieve nominal coverage, meaning

that

o o
Pr | Vgt € |Vegy — Zas ”  Vregy + Za/2 m <l—a. (A1)
( ! ! ! >ict Lwiera) ! D it LieRra)

This is because the “multiplier” for the naive confidence interval, z,/2, is derived under the

assumption that the region R4 (or, equivalently, the vector v,..,), is fixed, rather than a

function of the data.
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Loh et al. [2019] observe that there exists some o/ < « such that

o o

Pr V:;,u€|:V:;y—Za/ —,u:eyjtza/ —:|>=1—a. A2
( 7 I /22?:1 1(93i€RA) I 2 Z?:l (x;€RA) ( )

The value for o for a given tree will depend on the number of split covariates p, the number
of data points n, the depth of the tree, and the value of X used for tree pruning, among other
considerations. If we know how the data was generated, then we can check whether some

value o satisfies (A.2) as follows:

1. Draw B different simulated datasets {(Xj, y)}2_, from the same distribution (call this
F) as the original data. For b=1,..., B:

(a) Build a tree using the simulated data (Xj,ys), using the same procedure and the

same settings as in Step 1, and denote it TREE* ().
(b) For each terminal region R € TERM (TREE*(y), R?) in the tree:

i. Construct a (1 — ') naive Z-interval for the mean response in the region
using (Xy, yp).

ii. Check if each interval contains jir, the true mean for this region R.
2. Compute the fraction of intervals in 1(b) that contain fig.

3. If this value is 1 — o, then we have found the correct value of o’. If not, then we try a

larger or smaller value of «'.

We test this procedure in a very simple simulation study. We generate data X;; ~ N (0, 1)
and y; ~ N(0,1) fori =1,...,100 and j = 1,...,p. In this simple setting, the true mean
response for every region in every fitted tree is 0. We carry out the procedure outlined above
with a = 0.1. For two values of p and for CART trees with 1, 2, and 3 levels, we create 1000

datasets and 1000 trees and report the empirical coverage of the intervals obtained using this
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ideal method, averaged over all nodes in all trees. The results, shown in Table A.1, show
that this ideal procedure procedure leads to intervals that achieve nominal coverage.

Unfortunately, this ideal procedure is practically infeasible, as it requires the user to know
the true distribution of the data F'. Thus, in practice, Loh et al. [2019] propose replacing F
by F , the empirical distribution of the original data. This amounts to replacing the simulated
datasets in Step 2 with bootstrapped datasets, and checking whether the naive Z-intervals
in Step 1(b) contain yg rather than fig.

We can see why this is problematic in a very simple setting where we fit a tree with
depth 1. If all observations have mean 0, then a CART tree fit to a bootstrap sample of the
data will nevertheless find regions Ry and Rpg such that the sample mean value of y;, within
Ry is negative and the sample mean value of y, within Rp is positive. As y, and y contain
many overlapping observations, it is likely that the sample mean value of y within Ry is
also negative and the sample mean value of y within Ry is also positive. In other words,
because of the overlap between y and ), the within-region sample means of y, are closer to
the within-region sample means of y than they are to the within-region population means.
Thus, when we calibrate o’ to cover the mean values of y within various regions, we end up
with under-coverage of the true population mean, as shown in Table A.1.

We see in Table A.1 that our selective inference framework approach enables valid in-
ference in this setting, whereas a bootstrap procedure modeled after Loh et al. [2019] does

not.
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Loh (ideal) Loh (bootstrap) Selective Cls

p Tree depth | Coverage Average o | Coverage Average o/ Coverage

1 0.902 0.008 0.749 0.037 0.890
2 2 0.905 0.004 0.695 0.038 0.904

3 0.900 0.005 0.660 0.047 0.895

1 0.883 0.001 0.601 0.016 0.908
20 2 0.900 0.00025 0.549 0.016 0.901

3 0.904 0.00015 0.543 0.022 0.905

Table A.1: Coverage of 90% confidence intervals computed using three methods for the
simple setting where y; ~ N(0,1) and X;; ~ N(0,1) for fori =1,...,100 and j =1,...,p.
Note that the “Loh (ideal)” method can never be used in practice, as it requires knowledge
of the true parameter.

A.2 Proofs for Section 2.3

A.2.1 Proof of Theorem 2.1

Let 0 < a < 1. We start by proving the first statement in Theorem 2.1:
Pr, {psib(Y) < a | R4, Rp are siblings in TREE/\(Y)} = q.

This is a special case of Proposition 3 from Fithian et al. [2014]. It follows from the definition

of psip(Y) in (2.8) that

Pr, {psib(Y) < « | Ra, Rp are siblings in TREE)‘(Y),P,,LM_I)Y = Pjsiby} = a.
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Therefore, applying the law of total expectation yields

pri, {psn(Y) < a | Ra, Rp siblings in TREE)(Y') }
= Eu, [Lpow(r)<a} | Ra, Rp are siblings in TREE(Y)]

= Fpy, <EH0 [1{psib(y)<a} | Ra, Rp are siblings in TREE’\(Y),Pj;ibY = P,fsiby}
| Ra, Rp are siblings in TREE’\(Y))
= Ep, {a | Ra, Rp are siblings in TREE’\(Y)} = a.

The second statement of Theorem 2.1 follows directly from the following result.

Lemma A.1 IfY ~ N, (u,0%l,), then the random variable v%,Y has the following condi-

sib

tional distribution:

viY | {Ra, Rp are siblings in TREE/\(Y),Pj;ibY = bey} ~ TN{VSTibM, O'2Hl/sib||§; Sgb(usib)}, (A.3)

where S, (vsip) s defined in (2.10) and TN (u,0,S) denotes the N(u,0?) distribution trun-
cated to the set S.

A.2.1.0.1 Proof: The following holds for any v € R".

pr{v"Y > ¢ | Ra, Rp are siblings in TREE* (Y), P, Y = Py}
T

= pr {I/TY > c | Ry, Rp are siblings in TREE® (PjY + 2 Y) ,PrY = P,,Ly}

V113

14
w13

= pr {I/TY > ¢ | Ra, Rp are siblings in TREE® (P,fy + H V||2VTY> }
vll2

= pr {I/TY > ¢ | Ry, Rp are siblings in TREE® (Pjy + l/TY> JPrY = "Pjy}

:pr{¢>c|¢€S?ib(y)},

where ¢ = vTY. In the fourth line, the condition P;}'Y = Pty can be dropped because when
Y ~ N, (u,0%l,), P}Y is independent of v"Y. Finally, since ¢ ~ N (vTu,o?||v||?), (A.3)
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holds. O

A.2.2  Proof of Proposition 2.3.1

Theorem 6.1 from Lee et al. [2016] says that the truncated normal distribution has monotone
likelihood ratio in the mean parameter. This guarantees that L(y) and U(y) in (2.13) are
unique. Then, for L(-) and U(-) in (2.13), (A.3) in Lemma A.l guarantees that

pr {VTM € [L(Y),U(Y)] | Ra, Rp are siblings in TREENY), PLY = Pyiy} —1-a.  (A4)

Finally, we need to prove that (A.4) implies (1 — «)—selective coverage as defined in (2.12).
Following Proposition 3 from Fithian et al. [2014], let 1 be the random variable P;'Y and
let f(-) be its density. Then,

pr{v'u e [L(Y),U(Y)] | Ra, Rp are siblings in TREENY)}
= / pr{v" e [L(Y),U(Y)] | Ra, Rp are siblings in TREENY), P, Y = Py} f(n)dn

~ [a-asman=1-a.

A.2.3  Proof of Theorem 2.2

We omit the proof of the first statement of Theorem 2.2, as it is similar to the proof of the
first statement of Theorem 2.1 in Appendix A.2.1.

The second statement in Theorem 2.2 follows directly from the following result.

Lemma A.2 The random variable vy, Y has the conditional distribution

v Y | {R4 € TREENY), Pt

reg Vreg

Y = Pui,«egy} ~ TN{V:egy“v 0-2||V7“€9||§; Si\eg(l/reg)} ’ (A5)

where S}, (Vreg) was defined in (2.16).

We omit the proof of Lemma A.2, as it is similar to the proof of Lemma A.1.
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A.2.4  Proof of Proposition 2.53.2

The proof largely follows the proof of Proposition 2.3.1. The fact that the truncated normal
distribution has monotone likelihood ratio (Theorem 6.1 of Lee et al. 2016) ensures that L(y)
and U(y) defined in (2.17) are unique, and (A.5) in Lemma A.2 implies that

pr {u;fegﬂ € [L(Y),U(Y)] | Ra € TREENY),PL Y = Pt y} —1-a.

Vreg Vreg

The rest of the argument is as in the proof of Proposition 2.3.1.

A.3 Proofs for Section 2.4.1

A.3.1 Proof of Lemma 2.1

We first state and prove the following lemma.

Lemma A.3 Let R4 and Rp be the regions in the definition of vgy, in (2.6). For an arbitrary
region R and for any j € {1,...,p} and s € {1,...,n— 1}, recall that the potential children
of R (the ones that CART will consider adding to the tree when applying Algorithm 2.1 to
region R) are given by RN x;js0 and RN x;js1, where X;so and xjs1 were defined in (2.1). If
(RAURE) € RNxjs0 or (RaURE) C RNXjsa1, then Gaing{y' (¢, vsin), J, s} = Gaing{y, j, s}
for all ¢.

A.3.1.0.1 Proof: It follows from algebra that for Gaing(y, j, s) defined in (2.2),

Gaing(y,j,s) = — {Z 1(xieR)} Wr)* + {Z 1(xieRmxj,s,o)} (ﬂRmXi,s,o) + {Z 1(mieRmxj,s,1)} (ﬂRnXi,s,l) , (A6)
i=1

i=1 i=1

where Jr = (Xicp¥i) /{1 Lwmer) }- It follows from (A.6) that to prove Lemma A.3,
it suffices to show that ¥, = v/ (¢,vsip)p for T € {R, RN x50, RN Xjs1}. Recall from
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Section 2.3.3 that {y'(¢, ve) }i = yi + A;, where

/

27'7;—1 1( 'eRp)
T 1= Il B . .
— vt ifie R
(¢ szby) S, 1(z§eRAURB) A
S _ 1
A, — o T i'=1 (xiERA) . .
i (¢ Vsiby)zgzl T cr ong) ifi € Rp
0 otherwise.

Without loss of generality, assume that (R4 U Rp) C RN xjs0. Forany '€ {R, RN Xjs0}
RoURp CT. Thus,

Y (), veiv)p = ﬁ { St Y Wit A)+ Y i+ Ai)}
i€ ieT\

=1 1 . .
(RAURB) 1€ERA 1€ERB
2iera Dit Dicr, A
Z?:l 1(90¢€T)

=yr +

n > iz Ly n S L,
(i1 Lwera } (6 — viay) ST S (ST Laserp) ) (6 — Van¥) s, Yo
+

n
=1 1(zieRAuRB) i=1 1(zieRAuRB)

Z?:l 1(xieT)

Furthermore,

1

> 1
i=1 *(x;€RNX;,s,1)

1

>l
i=1 1(zi€RNX;,5,1)

> (with) =

ieRij“g’l

z (yl-l—o) = gRﬂXj,sJ .
iERﬂX]"S’l

y/(d)? Vsib)Rijysyl =

0

We will now prove Lemma 2.1.

It follows from Definition 2.6 that if R [BRANCH{R, TREE*(y)}] C TREEMy/ (4, ven)},
then R4 and Rp are siblings in TREEy/ (&, V) }. This establishes the («=) direction.

We will prove the (=) direction by contradiction. Suppose that R4 and Rp are siblings
in TREEM Y/ (¢, vei)}. Define BRANCH{ R4, TREE*y)} = ((j1,81,€1),- .-, (jr,5L,€e1)), and
define R") = l(ll] Xjisie, for I = 1,...,L. Assume that there exists [ € {0,...,L — 2}

=1

such that RY € TREEMy/ (¢, vip)} and RUTY & TREEMy (¢, veip)}. We assume that any
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ties between splits that occur at Step 2 of Algorithm 2.1 are broken in the same way for
y and 1/ (4, vs), and so this implies that there exists (7,3) # (jiz1, S141) such that (j,3) €

arg max; , Gainpo{y' (¢, Vi), j, s} and

Gaingo {y' (6, vsiy), i, s} < Gaingan {y' (¢, vsn), j, 8} (A7)

Since R4 and Rp are siblings in TREEM 1/ (¢, vsi) }, it follows from Lemma A.3 that
Gaingw {y' (¢, vein), J, 8} = Gainga (y, j,3). Also, since R4 and Rp are siblings in TREE(y),
it follows from Lemma A.3 that Gaingw{y' (¢, Vsiv), Ji+1, S1+1} = Gaingo (Y, Ji+1, Si+1). Ap-
plying these facts to (A.7) yields

Gaingo (Y, jir1, s141) < Gainga (y, 7, 3). (A.8)

But since R and R(*Y both appeared in TREE(y),

(jl+1> SH—l) € arg‘max GainR(l) (y, j> S)‘
7,8

This contradicts (A.8). Therefore, for any I € {0, ..., L—2},if RV € TREE ¢/ (¢, Veip) }, then
R € TREEM Y/ (¢, Vi) }. Since R©) € TREEMy/ (4, vsi) }, the proof follows by induction.

A.3.2  Proof of Lemma 2.2

Let R4 € TREE*(y) with BRANCH{ R4, TREE*(y)} = ((j1,81,€1),- .-, (jr,51,€1)) such that
Ry = ﬂzL=1 Xinse- Since Algorithm 2.1 creates regions by intersecting halfspaces and set
intersections are invariant to the order of intersection, it follows that R4 = ﬂzL:1 Xjisier €

TREEMY/ (9, Vreg) } if and only if there exists m € II such that

L

ll
{ﬂ Xjﬂ'(l>7s7\'(l)7e7r(l) } g TREE}\{y,(aS? Vreg)}.
=1 =1
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By Definitions 2.6 and 2.7,

L

R(m[BRANCH{ R 4, TREE W)}) = {m X (1) (1)-€x (1) } :
=1 I'=1
Thus,

Sty = {0+ Ra € TREEMY/ (6, v0eg)}}

= U {6 Rizlpraxci{Ra, tRes()}]) € TREE {5/ (6, v7e0)}}
_ U S* (7 [BRANCH{ R4, TREEN() }] , Vrey)

where the third equality follows from the definition of S*(B,v) in (2.18).
A.4 Proofs for Section 2.4.2

A.4.1 Proof of Proposition 2.4.1

Recall that B = ((j1,s1,€1),---,(j,50,er)) and R(B) = {R®, ..., RP}. Recall from
(2.20) that Sgew(B,v) = {¢ : R(B) C TREE’{y'(¢,v)}}, and that we define S;;, = {¢ :

GAIN -0 {Y' (¢, v), J, s} < GAIN -0 {y (0, V), ji, i} }-
Forl=1,...,L,

R e tREE™{y/ (¢,)} and ¢ € MiZ{ ME_, Sy <= {RU"Y, RV} C TREE{Y/(4,1)}, (A.9)

because, given that R~ € TREE{y/(¢,v)}, RY € TREE{y/ (4, v)} if and only if
(J1,s1) € argmax(js).se{l ..... n-1}je{1,..p} GAINga-n (¥ (¢, v),j, 5) . Combining (A.9) with the
fact that {¢ : R € TREE’{¢/(¢,v)}} = R yields

n—1

NN Y St = ({6 :{R"Y, RO} C trEE{Y/ (6, 1)} } = {0 : R(B) C TREE{y/ (6, 1)} }.

1=1j=1s=1 1=1
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A.4.2  Proof of Proposition 2.4.2

Given a region R, let 1(R) denote the vector in R™ such that the ith element is 1(,,cr). Let
Pur) = 1(R) {IL(R)TIL(R)}_l 1(R)" denote the orthogonal projection matrix onto the vector
1(R).

Lemma A.4 For any region R, GAINg(y,J,5) = y" Mg sy, where
MR,]}S = P]l(RﬁXj,s,l) + P]l(Rﬂxj)s)o) - 7J]l(R)- (A]_O)
Furthermore, the matriz Mpg ;s is positive semidefinite.

A.4.2.0.1 Proof: For any region R, >, p(yi — Ur)*> = D icr i — Y Pa g y- Thus, from
(2.2),

GAINR(yaja S) = Z(yl - gR)2 - Z (y’L - gRﬁXj,s,1)2 - Z (yl - gRﬂXLS’o)Q

i€R 1€RNX;,s,1 i€RNX;,s,0

_ 2 Tr]) . 2 TP o 2+ T'])

— Yi Yy ]l(R>y Yi + Yy ]].(RﬁXj,s,l)y Yi ) Jl(RﬂXj,s,o)y
i€ER 1€ERNX,s,1 1€ERNYX,s,0

=y" {Pn(Rmxj,s,l) + Pr(Rnx;.e0) — 7’1(3)} y =y Mpjsy.

To see that Mp ;s is positive semidefinite, observe that, for any vector v,

V' Mp v = GAINR(v,j,8) = » (i —0p)* —min{ > (ni—a)’+ Y (v;—ag)’

) ay,a2 . .
1ER 1ERNX,s,1 1€ERNX,s,0

>3 (wi—vr)> =S >, (wi-wr)’+ >, (ni-wr)y =0

iI€ER ’L'GRﬁXj,s,l iERﬂijsyo
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It follows from Lemma A.4 that we can express each set S ; s from Proposition 2.4.1 as

Sijs = {0 : GAINge- {y (¢, V), j, s} < GAINga- {y' (P, V), Ji, s1}}

- {d) : y/(¢a V)TMR(Z_l),j,sy/(¢7 V) < y/(d)a V)TMR(Z_l),jl,sly/(¢7 V)} . (All)

We now use (A.11) to prove the first statement of Proposition 2.4.2.

Lemma A.5 Fach set Sy, is defined by a quadratic inequality in ¢.

A.4.2.0.2 Proof: The definition of y/'(¢,r) in (2.10) implies that

y/<¢7 V)TMR,j,sy/(¢7 V) = (Pj_y + VQS ) MR,j,s <7Dj-y + V¢ )

1113 113
Ql/TMR’j,s’Pj'y
1113

VMg sV

¢ + ¢+y" Py Mg, Py

V113

a(R,j,8)¢* +b(R,j,5)¢p + c(R, ], 5). (A.12)

Il

Therefore, by (A.11),

Sl,j,s = {¢ : [CZ {R(l_l)ajvs} —a {R(l_l)ajla Sl}} ¢2 + [b {R(l_1)7j7 S} -b {R(l_1)7jla Sl}} ¢

+ [c{R"V 5, s} — c{RED j,5}] < o}. (A.13)

O

Proposition 2.4.1 indicates that to compute S0, (B, v) from (2.20), we need to compute

the coefficients of the quadratic for each S; s, where I = 1,...,L, 7 = 1,...,p, and s =
1,...,n—1.

Lemma A.6 We can compute the coefficients a{R!=Y j s} b{R"V j s} and
c{R"Y, j,s}, defined in Lemma A.5, forl=1,....,L, j=1,...,p, and s =1,...,n— 1,
in O {nplog(n) + npL} operations.
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A.4.2.0.3 Proof: Using the definitions in Lemmas A.4 and A.5 and algebra, we have
that

[VT:U.{R(Z_I) N Xj’s,l}]Z " [VT]]_{R(Z—I) N Xj,s,O}]2 B [I/T]].{R(l_l)}]2

||V||4Q{R(l_1)aj78} = n " - ’ (A14)
2 die1 Liiert-1ny, 00} >im1 Liiert-1ny; . 0} 2i=1 Hiera-vy
. T R(l_l) N Xis PJ_ ’1‘11 R(l—l) N Xis
LivzbrED, j sy = ¥ { X5, 1 (Pry) Y X ’1}+ (A.15)
2 2z Liert-n0y; . 1)

VIR N xjs0) (Ply) L{RED Nyjs0)  vTL{RED} (PLy)" 1{RI-D}

Z?:l 1{ieR<l—1>ﬂxJ',s,o} E?:l l{z‘eR(l—1>} ’
_ 2 _ 2 _ 2
iy o [P RV Ny ] | [(Pry) R nxgeod]” [Py I{ROVY]
RV, 5,8} = < = < - . (A.16)
Ei:l 1{ieR<l71>mxj$s,1} Ei:l 1{ieR<l*1>mxj,s,o} Zi:l 1{i€R“*1)}

We compute the scalar ||v||3 and the vector Py in O(n) operations once at the start of
the algorithm. We also sort each feature in O [nlog(n)| operations per feature. We will now
show that for the Ith level and the jth feature, we can compute a{ RV, j, s}, b{ RV j, s},
and c{R‘=Y 4, s} for all n — 1 values of s in O(n) operations.

The index s appears in (A.14)-(A.16) only through 37, lycpe-nny, 1}
Do Lyie RO-Dny,.0p» and through inner products of vectors v and Py with indica-
tor vectors L{RY N y;,1} and 1{RU"VNy;,0}. For simplicity, we assume that
covariate x; is continuous, and thus the order statistics are unique.

Let m; be the index corresponding to the smallest value of z;. Then
V'1{R" VN xj11} = vim, if observation my is in R~Y, and is 0 otherwise. Similarly,
Yoy Liiera-nny, 3 = 1 if observation my is in RV and is 0 otherwise. Next, let msy be
the index corresponding to the second smallest value of ;. Then "1 {R(l_l) NXj21} =
1{R"DNxj11} + U, if observation m, is in RV, and is equal to 1T {R"Y Ny 14}
otherwise. We compute » |1 {(ieR0-Dny,»,} 10 the same manner. Each update is done
in constant time. Continuing in this manner, computing the full set of n — 1 quantities
vl {R(l_l) N Xj,s,l} and Z?:l 1{1-6R(l71>ﬁxj‘5‘1} for s = 1,...,n — 1 requires a single forward
pass through the sorted values of z;, which takes O(n) operations. The same ideas can be ap-

plied to compute (Pjy)T 1 {R(l’l) N Xj7171}, V1 {R(l’l) N Xj,s0 ) (Pjy)T 1 {R(l’l) N Xj,50 )
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and > 1 {ieR0-Dny,.. o} Using constant time updates for each value of s.

Thus, we can obtain all components of coefficients a{R‘ =Y, j, s}, b{R!Y j s} and
c{RU"=V j s} for a fixed j and I, and for all s = 1,...,n — 1, in O(n) operations. These
scalar components can be combined to obtain the coefficients in O(n) operations. Therefore,
given the sorted features, we compute the (n — 1)pL coefficients in O(npL) operations. [

Once the coefficients on the right hand side of (A.13) have been computed, we can
compute S ;s in constant time via the quadratic equation: it is either a single interval
or the union of two intervals. Finally, in general we can intersect (n — 1)pL intervals in
O {npL x log(npL)} operations [Bourgon, 2009]. The final claim of Proposition 2.4.2 involves

the special case where v = vy and B = BRANCH{ R4, TREE*(y)}.

Lemma A.7 Suppose that v = vy from (2.6) and B = BRANCH{R., TREE*(y)}. (i) If
| < L, then for all j and s, there exist a,b € [—00,00] such that a < vy < b and S s =
(a,b). (i) If | = L, then for all j and s, there exist ¢,d € R such that ¢ < 0 < d and
Sij.s = (—00,clU[d,00). (iii) We can intersect all (n—1)pL sets of the form S; ;s in O(npL)

operations.

A.4.2.0.4 Proof: This proof relies on the form of S;;s given in (A.13). To prove (i),

note that when [ < L,

lvsinlls [a { R, 5,8} —a {R"V 51, 5}] = VarMpa-1) j sVsiv — Ve Mpa-1) j, o, Vsib

T
= VsibMR(l—l),j,sVSib Z 0.

The first equality follows directly from the definition of a(R, j, s) in (A.12). To see why the
second equality holds, observe that R4 U Rp C R¢Y, and without loss of generality assume
that R4 U Ry C RU-Y N Xji.si,1- Recall that the ith element of v, is non-zero if and only
if i € R4 U Rp, and that the non-zero elements of vy; sum to 0. Thus, 1 {R(l_l)}T Vgip = 0

and 1 {R(-Y N thslﬁl}T Ve = 0. Furthermore, the supports of RU=D Ny, o0 and vy, are
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non-overlapping, and so 1 {R(l_l) N le,sl,o}T Vgip = 0. Thus,

MR(Z_l)zjlvslVSib - [Pﬂ{R(l—l)ijlysl,l} + PH{R(Z_l)ijlﬁslvo} N P]]'{R(l_l)}:| I/SZb - 0

The final inequality follows because My is positive semidefinite (Lemma A.4).

-1 s
Thus, when | < L, S ; 5 is defined in (A.13) by a quadratic inequality with a non-negative
quadratic coefficient. Thus, S ;s must be a single interval of the form (a,b). Furthermore,
since B = BRANCH{ R4, TREE*(y)}, we know that R(B) C TREE’(y) = TREE™y'(vTy,v)}.
Therefore, vy € Syrow (B, vsin) = NE, ﬂ§:1 ﬂ?;llSlJ’S, and so we conclude a < v"y < b. This
completes the proof of (i).
To prove (ii), we first prove that when [ = L the quadratic equation in ¢ defined in (A.13)

has a non-positive quadratic coefficient. To see this, note that

— ., T
= Veip [Pn{R@-Urwxj,s,l} + Pﬂ{R@—Umxj,s,o}} Vsib = Vip [Pn{R@-lijL,SL,I} + Prre-D0x, o 0} | Vsit

— 7 T
= Vsip [Pn{R(L*Uan’SJ} + Pﬂ{R(Lfl)mxj,s,O}} Vsib — VgipVsib

2
= H [’Pﬂ{R(L—l)ij’s’l} + P:U-{R(L_l)ij,s,O}i| Vsib ) — ||Vsz'bH§ S 0 (Al?)

The first equality follows from (A.12). The second follows from the definition of Mg,
given in (A.10) and from the fact that Pygpw-1yvsp = 0 because H{R(L*I)}Tysib sums up
all of the non-zero elements of vg;, which sum to 0. The third equality follows because vy,
lies in span [T {REV Ny, o1}, L{RE Y N X, 5,0}]; projecting it onto this span yields
itself. Noting that |:P]1{R(L—l)mxj’s’l} + Pﬂ{R@_l)%,S’O}} is itself a projection matrix, the fourth
equality follows from the idempotence of projection matrices, and the inequality follows from
the fact that ||vgp||2 > ||QVsi||2 for any projection matrix @. Thus, when [ = L, the quadratic
that defines S; ;s has a non-positive quadratic coefficient.

Equality is attained in (A.17) if  and only it v €
span [1{RE Ny 11 1{REY Ny s0}t].  This can only happen if splitting R
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on j,s yields an identical partition of the data to splitting on jr,sy. If this is the case,
then Sy ;s = (—00,0] U [0,00) from the definition of S; ; ; in Proposition 2.4.1, and so (ii) is
satisfied with ¢ = d = 0.

We now proceed to the setting where the inequality in (A.17) is strict. In this case,
(A.13) implies that Sp;s = (—o00,c] U [d,00) for ¢ < d and ¢,d € R. To complete
the proof of (ii), we must argue that ¢ < 0 and d > 0. Recall that the quadratic in
(A.11) has the form GAINgw-v{¥(¢,V),],s} — GAINge-1{¥'(¢,V),jr,sr}. When ¢ = 0,
GAINge-{Y (¢,v), jr,sL} = 0, because ¢ = 0 eliminates the contrast between R4 and Rp,
so that the split on j, s, provides zero gain. So, when ¢ = 0, the quadratic evaluates to
GAINgz-{y' (4, V), j, s}, which is non-negative by Lemma A.4. Thus, S, is defined by a
downward facing quadratic that is non-negative when ¢ = 0, and so the set S;;, has the
form (—o0, ] U [d,00) for ¢ < 0 < d.

To prove (iii), observe that (i) implies that ﬂlL:_ll ﬂ§:1 N2Z1S1js = (@mazs bmin), Where
(mae 1S the maximum over all of the a’s, and b,,;, is the minimum over all of the b’s. This
can be computed in np(L — 1) steps. Furthermore, (i) implies that Nf_; NJZ} S, =
(—00, Cmin] N [dmaz, 00), Where ¢pin and dy,q, are the minimum over all of the ¢’s and the
maximum over all the d’s, respectively. This can be computed in np steps. Thus, we can

compute Nf; Nf_, N2Z1S; s in O(npL) operations. O

A.4.3 Proof of Proposition 2.4.3

To prove Proposition 2.4.3, we first propose a particular method of constructing an ex-
ample of TREE(B,v,A). We then show that (2.21) holds for this particular choice for
TREE(B, v, \). We conclude by evaluating the computational cost of computing such an
example of TREE(B, v, \), and by arguing that in the special case where R(B) € TREE*(y),
our example is equal to TREE(y).

When Algorithm 2.2 is called with parameters TREE,y, A\, O, where O is a bottom-
up ordering of the K nodes in TREE, it computes a sequence of intermediate trees,

TREEy, . .., TREEr. We use the notation TREE,(TREE, y, \, O), for k = 0,..., K, to denote
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the kth of these intermediate trees. The following lemma helps build up to our proposed

example of TREE(B, v, \).

Lemma A.8 Let ¢y € Sypow(B,v) and ¢o € Syrow(B,v). Then TREE{y(¢1,v)} =
TREE’{y/(¢o,v)}. Let O be a bottom-up ordering of the K regions in TREE'{y'(¢y,v)}
such that the last L regions in the ordering are REV ... RO, Then
TREEf_1[TREE {y/(¢1, )}, 9/ (¢1,7), A, O] = TREEk _[TREE{Y/ (d2, V) }, v/ (b, ), A, O].

A.4.3.0.1 Proof: We first prove that TREE’{y'(¢1,v)} C TREE’{y/(¢o,v)}, where
1,02 € Sgrow(B,v). The fact that ¢1 € Syrow(B,v) and ¢2 € Syrow(B,v) implies two

properties:

Property 1: RO € TREE’{y/(¢1,v)} and R € TREE’{y/(¢o,v)} for [ € {0,...,L} by
the definition of S0, (B, V).

Property 2: RY) € TREE'{y/(¢y,v)} and RY) € TREEY{y/ (¢, 1)} for | € {1,...,L},
where Rg?b = RV N xj,5.1-¢- This follows from Property 1 and Definition 2.1.
Suppose that R € TREE’{y/(¢1,v)}. Then R must belong to one of these three cases,
illustrated in Figure A.1(a):

Case 1: 31 € {0,... L} such that R = RY. By Property 1, R € TREE*{y/ (¢, 1)}

Case 2: 31 €{l,...,L} such that R = Rill)b By Property 2, R € TREE™{y/(¢2,v)}.

Case 3: R € DESC[R', TREE*{y/ (¢, v)}], where either R’ = Rgg for some l € {1,...,L},

or else R = RW). By Properties 1 and 2, R’ € TREE’{¢/(¢o,v)}. Condition 2.1 ensures

that, for all 7 € R’ and for some constants ¢ and d,

(

V' (o1,v)}4 if R = Ri% for some [ € {1,...,L — 1},

{62} =S (1. )}i+c  if B =R,

{V(v)}i+d iR = R
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As constant shifts preserve within-node sums of squared errors, in each of these

three scenarios, DESC[R’, TREE*{y/ (¢, v)}] = DESC[R’, TREE*{y/ (o, v)}]. Thus, R €
TREE{y'(d2,)}.

Thus, if R € TREE’{y/(¢1,v)}, then R € TREE’{y/(¢,r)}. This completes the argu-
ment that TREEY{y/(¢1,v)} C TREE’{y/(¢2,v)}. Swapping the roles of ¢; and ¢, in this
argument, we see that TREE {y/(¢o, )} C TREE’{y/(¢1,)}. This concludes the proof that
TREE!{y'(¢1,7)} = TREE*{y'(¢2, )}.

Because TREE’{y/(¢1,v)} = TREEXy (d2,v)}, it follows that any bottom-up order-
ing of the regions in TREE’{y/(¢1,v)} is also a bottom-up ordering for the regions in
TREE’{y/(¢2,v)}. We next prove by induction that, if we choose a bottom-up ordering
O that places the regions in R(B) at the end of the ordering, then

TREEL[TREE{y/ (61, 1)}, 9/ (61, ), A, O] = TREE,[TREE{y/ (42, )}, 9/ (¢, v), A, O], (A.18)

for k =0,..., K—L. It follows immediately from Algorithm 2.2 and the argument above that

TREE[TREE’{y/(¢1,v)}, ¥/ (d1,v), A\, O] = TREEG[TREE’{y (¢2,v)}, 9 (d2,v), A\, O].  Next,
suppose that for some k € {1,..., K — L},

TREE;—1 [TREE'{y (61, 1)}, (¢1,), A, O] = TREE_1 [TREE!{y/ (d2, 1)}, 4/ (¢2,7), A, O], (A.19)

and denote this tree with TREE,_; for brevity. We must prove that (A.18) holds. Let R be the
kth region in O and recall the assumption that the last L regions in O are { RE~Y ... RO},
Since k < K — L, this implies that R ¢ {R*D, ... RO} This means that either
R € DESC [Rgli)b,TREEO{y’(qbl, y)}] for I € {1,...,L} or R € pESC [RY), TREE’{y/(¢1,1)}],

meaning that R is a black region in Figure A.1(b). From Condition 2.1,

(
(61, )}i if R € DESC [Rg?b, TREE{y/ (¢, u)}] forl e {1,...,L—1},

{'(¢2,0)}i = S {y/(¢1,1)}s + ¢ if R € DESC [Rgzb), TREE {3/ (1, v }} :
]

k{y'(gzsl,y)}i +d if R € bEsc [R, TREE*{y/(¢1,v)}



145

In any of the three cases illustrated in Figure A.1, for g¢g(-) defined in (2.3),
g{ R, TREE}_1,9'(¢1,v)} = g{R, TREE;_1,V'(¢2,v)}. Combining this with (A.19) and Step
2(b) of Algorithm 2.2 yields (A.18). This completes the proof by induction.

(a) (b)

» S o4 ol
[ 1]

0
sib

[l bd bd LS
5E 5@ 5% %

Figure A.1: (a). An illustration of Case 1 (red), Case 2 (blue), and Case 3 (black)
for a region R € TREE’{y'(¢1,v)} in the base case of the proof of Lemma A.8, where
R(B) = {RY,...,R®}. (b.) The black regions show the possible cases for R € TREE;_; in
the inductive step of the proof of Lemma A.8.

(1)
inb

%)
Sy,
2] B

O

O

Since Lemma A.8 guarantees that each ¢ € Sy, (B, V) leads to the same TREE’{y/(¢, v)},

we will refer to this tree as TREE?, will let K be the number of regions in this tree, and will

let O be a bottom-up ordering of these regions that places RE~Y ... RO in the last L

spots. We will further denote TREEx_{TREE?,¢/(¢,v),\, O} for any ¢ € Syrow(B,v) as

TREEk_p, since Lemma A.8 further tells us that this is the same for all ¢ € S0, (B, v). In

what follows, we argue that if we let TREE(B, v, \) = TREEk 1, where TREE(B, v, \) appears

in the statement of Proposition 2.4.3, then (2.21) holds. In other words, we prove that
TREEg 1, which always exists and is well-defined, is a valid example of TREE(B, v, \).

Recall from (2.18) that S*(B,v) = {¢€ Syow(B,v): RY) € TREEMY (¢,v)}}.



146

Lemma A.8 says that for ¢ € Syow(B,v), we can rewrite TREEMy/ (¢,v)} as

TREEg{TREE’, 9/ (¢,v), A\, O}. So we can rewrite S* (B,v) as
S*(B,v) = {¢ € Syrow(B,v) : RY) € TREEK {TREE",y/(¢, 1), N, O} }. (A.20)

Furthermore, since R“~Y ... R (all of which are ancestors of R(") are the last L nodes
in the ordering O, we see that R € TREE{TREE,y/(¢,r), A, O} if and only if no pruning
occurs during the last L iterations of Step 2 in Algorithm 2.2. This means that we can

characterize (A.20) as
{$ € Sgrow(B,v) : TREEK_{TREE", ¢/ (¢,v), A, O} = TREEK {TREE", ¢/ (¢,v),\,O}}. (A.21)

Recall that for k = K — L+ 1,..., K, RE=% is the kth region in O, and is an ancestor of

R™). We next argue that we can rewrite (A.21) as

K

N {¢> € Syrow(B.v) 1 g {R<K—k>,TREEK,L,y'(¢, 1/)} > )\}. (A.22)

k=K—-L+1

To begin, suppose that ¢ € (A.22). As we are talking about a particular ¢,
for k = 0,...,K we will suppress the dependence of TREEj{TREE’ y/(¢,v),\,O} on
its arguments and denote it with TREE,. The fact that ¢ € (A.22) means that
g {R(L‘l), TREEg 1,V (¢, V)} > A\, which ensures that no pruning occurs at step K — L + 1,
which in turn ensures that TREEx_ ;11 = TREEg_;. Combined with (A.22), this implies
that g { R*~?, TREEk 1,y (6, v)} =
g {R¥= TREEk_141,Y/(¢,v)} > A, which ensures that no pruning occurs at step K — L+2,
which in turn ensures that TREEx ;2 = TREEx 1.1 = TREEx_1. Proceeding in this man-
ner, by tracing through the last L iterations of Step 2 of Algorithm 2.2, we see that ¢ satisfies
TREEg = TREEk 1, and so ¢ € (A.21).

Next suppose that ¢ & (A.22). Let

K = min {k:g {R(K_k),TREEK_L,y’(qb, v)} <A}

ke{K—L+1,..,K}
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As k' is a minimum, we know that no pruning occurred during steps K — L+ 1,... k' — 1,
and so TREEy _; {TREE’(y/ (¢, 1)),y (¢,v), \, O} = TREEf_. This implies that

g {REF) TREEK 1,y (¢,v)} < A can be rewritten as
g (RE=*) TREE), _ [TREEY{Y/ (¢, v)}, ¥/ (¢, 1), A, O], ¥/ (¢,)) < A. It then follows from Al-
gorithm 2.2 that pruning occurs at step k', which means that TREEx cannot possibly equal
TREEg_1. Thus, ¢ ¢ (A.21).

Thus, ¢ € (A.22) if and only if ¢ € (A.21).

Finally, Proposition 2.4.3 rewrites (A.22) with the indexing over k changed to an indexing
over [, and plugging in TREE(B,v,\) = TREEg_ ;. Therefore, TREEx 1 is a valid example
of TREE(B, v, \).

To compute TREE(B, v, \), we first select an arbitrary ¢ € Sg,00(B,v). We then apply
Algorithm 2.1 to grow TREE*{¢/(¢), ) }. We create a bottom-up ordering O of the K nodes in
TREE{/(¢, )} such that R~V ... RO are at the end. Finally, we apply the first K — L
iterations of Algorithm 2.2 with arguments TREE’{y/(¢,v)},y/(¢,v), A, and O to obtain
TREE(B, v, A). The worst case computational cost of CART (the combined Algorithm 2.1
and Algorithm 2.2) is O(n?p).

In the special case that R(B) C TREE*(y), we have that 1Ty € S,0(B,v) because
y =1y (vTy,v) and R(B) C TREE*(y) C TREE"(y). In this case, suppose that we carry out
the process described in the previous paragraph by selecting ¢ = vTy. As R(B) C TREE(y),
it is clear from Algorithm 2.2 that no pruning occurs during the last L iterations of Step 2 in
Algorithm 2.2 applied to arguments TREE®(y),y, A, and O. Therefore, the process from the
previous paragraph returns the optimally pruned TREE*(y). Thus, when R(B) C TREE(y),

we can simply plug in TREE*(y), which has already been built, for TREE(B, v, \) in (2.21).

A.4.4  Proof of Proposition 2./.4

We first show that we can express

{¢:g{RY, TREE(B, v, \), v)} > A} (A.23)
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as the solution set of a quadratic inequality in ¢ for  =0,..., L — 1, where g(-) was defined
in (2.3). Because only the numerator of g{ R, TREE(B, v, \),v'(¢,)} depends on ¢, it will

be useful to introduce the following concise notation:

h(R,TREE,y) =Y (4 —Jr)* — > > (i —9)% (A.24)

1€ER rETERM(R,TREE) €T
We begin with the following lemma.

Lemma A.9 Suppose that region R in TREE has children R N xjso and R N Xjsi-
Then, h(R, TREE,y) = GAINg(y, J,s) + h(R N Xjs1, TREE, y) + h(R N X;s0, TREE, y), where
GAINg(y, j,s) is defined in (2.2).

A.4.4.0.1 Proof: The result follows from adding and subtracting ZieRmxj,s,l(yi —
Ursen)? and 3ocpa (Ui — Yry,,)” in (A.24) and noting that TERM(R, TREE) =
TERM(R N Xjs1, TREE) U TERM(R N X;j.0)- O

Recall that B = ((ji,51,€1),...,(jr,51,€ez)) and that R(B) = {R® RW . . R},
Lemma A.10 follows from Lemma A.9 and the fact that, due to the form of the vector v,

there are many regions R for which h{R, TREE(B,v, ),y (¢,v)} does not depend on ¢.

Lemma A.10 For any ¢ € Sgow(B,v), we can decompose h{RY, TREE(B, v, \), ' (¢,v)}

as

L
h{RY, TRER(B, v, \), ¢/ (6,v)} = h{Riﬁ’,},TREE(B, v, ),y (9, v)}
I'=l+1
+ h { RO, TREE(B,v, \), o/ (6,v) }
L—-1

+ ) GAN i (6, 1), g, s}
I'=l

where Rg)b is the sibling of RV in TREE(B, v, \).
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A.4.4.0.2 Proof: Repeatedly applying Lemma A.9 yields

L
h{RV, TREE(B, v, ),y (¢, v)} = > h{Ri’{,},TREE(B, v, \), 9 (9, v)}
I'=l+1

+ 1 {RW, TREE(B, v, \), y (6, 1)}

L—1
+ Z GAINR(ZI) {y,(¢, l/), jl’—i—la Sl’—l—l}' <A25)

U=l

For I' = 14+ 1,....L — 1, h{Ri@Q,TREE(B,u,A),y'(gb,y)} - h{Rgll./b),TREE(B,U,)\),y’(gg,u)}
because Ril;b) only contains observations where [y/(¢,v)]; = [/ (¢, v)];. Similarly,

h{R") TREE(B,v,\),y (¢,v)} = h {R(L>, TREE(B, v, \), v/ (9, y)} and
h{Rgz)),TREE(B, v, \),y (¢, u)} = h{Rgfb),TREE(B, v, \), 9 (&, 1/)} because for i € RO
and i € Riﬁ}, {y/(6,)}; and {y/(¢,v)}; only differ by a constant shift. Plugging these two
facts into (A.25) completes the proof. O

We can now write (A.23) as
{(b g {R(Z),TREE(B7 v, A), v (&, 1/)} > )\}
- {qs h {R(l),TREE(B, v, \), (9, 1/)} >\ [| TERM{ R, TREE(B, v, \)}| — 1”

L—-1
= {d) Y GAN g (Y (6, 1), i1, s141} = A [\ TERM{ R, TREE(B, v, \)}| — 1} —
=1

L
ok {Rili/b),TREE(B, v, \), v (6, u)} —h {R(L),TREE(B, v, \), v (o, 1/)} }

U'=l+1

L-1
= {¢ >3 {a {R(l/)vjl’+1; 81'+1} ¢*+b {R(l,)ajl’—i-h Sz'+1} p+c {R(l/)ajl’-i—l, 81/+1H > Vz}, (A.26)

U=l

where the functions a(-), b(-), and ¢(-) were defined in (A.12) in Appendix A.4.2, and where

L
7= A {| TERM{R") | TREE(B, v, \)}| — 1} — Z h {Rgib),TREE(B,u,A),y’(gz;,z/)} —h {R(L),TREE(B,V, ),y (

'=l+1

is a constant that does not depend on ¢. The first equality simply applies the definitions of
h(-) and g(-). The second equality follows from Lemma A.10 and moving terms that do not

¢,v)

j
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depend on ¢ to the right-hand-side. The third equality follows from plugging in notation
from Appendix A.4.2 and defining the constant 7, for convenience. Thus, (A.23) is quadratic
inequality in ¢. We now just need to argue that its coefficients can be obtained efficiently.

We need to compute the coefficients in (A.26) for [ = 0,...,L — 1. The quantities
a{RY) gy, sp1}, D{RY) juy1, spi1}, and ¢c{ R juy1, spp1} for ' =0,. .., L—1 were already
computed while computing Sy, (B, 7). To get the coefficients for the left hand side of (A.26)
foreachl =0,..., L—1, we simply need to compute L partial sums of these quantities, which
takes O(L) operations. As we are assuming that we have access to TREE(B, v, \), computing
h{ R, TREE(B,v,\), 1/ (¢, v)} requires O(n) operations. Therefore, computing 7, takes O(nL)
operations. By storing partial sums during the computation of vy, we can subsequently obtain
~v for I =1,...,L — 1 in constant time.

We have now seen that we can obtain the coefficients needed to express (A.23) as a
quadratic function of ¢ for [ =0,...,L — 1 in O(nL) total operations. Once we have these
quantities, we can compute each set of the form (A.23) in constant time using the quadratic
equation.

It remains to compute

L-1

SMB,v) = Syrow(B.v) [V [ [) {6 : 9 {BV, TREE(B, v, ), ¢/ (¢,v)} > A} . (A.27)
1=0
Recall from Proposition 2.4.1 that Sy, (B, v) is the intersection of O(npL) quadratic sets.
Thus, in the worst case, Sy (B, ) has O(npL) disjoint components, and so this final inter-
section involves O(npL) components. Thus, we can compute S*(B,v) in O{npL x log(npL)}
operations [Bourgon, 2009].
The following lemma explains why, similar to Proposition 2.4.2, computation time can

be reduced in the special case where v = vy, and B = BRANCH{ R4, TREE*(y)}.

Lemma A.11 When B = BRANCH{ R4, TREE*(y)}, the set
{¢: g{RY, TREE(B, v, \), 1/ (¢, Veir) } > A} has the form (—o0, a;)U(b;, 00), where a; < 0 < by.
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Therefore, we can compute ﬂlL:_Ol {gb g {R(l), TREE(B, v, \), v (¢, 1/)} > )\} as

L-1
() (=o0sa) U (b 0) = (~o0,  gmin ) U gasye b 00)

in O(L) operations. Furthermore, we can compute (A.27) in constant time.

A.4.4.0.3 Proof: As R(B) C TREE(y), we can let ¢ € Syou(B,v) from Lemma A.10
be vy such that y’(c;;, v) =y. We can then apply Lemma A.3 to note that

L-1 L-2

D GAN i {y (6, Vi), i1, S141} = | D GAIN gy {y, i1, s041} | +GAN g {y/ (6, viin), i, s1.}-
V=l V=

Thus, when v = v, and B = BRANCH{ R4, TREE*(y)}, we can rewrite (A.26) with
all of the terms corresponding to GAINzan{V'(¢, Vsiv), Jr+1,Sp41} for ' =1+ 1,...,L — 2
moved into the constant on the right-hand-side. This lets us rewrite (A.26) as {¢ :
Gainge-—n{y (¢, vsin), jr, SL} > %1}, where 4; is an updated constant that does not depend
on ¢.

To prove that {¢ : Gainge-—v{jL,sL, ¥ (0, vsin)} > A1} has the form (—oo,a;) U (b, o0)
for a; < 0 < by, first recall from Lemma A .4 that Gainge-1{jr, sr,y' (¢, vsp)} is a quadratic
function of ¢. It then suffices to show that this quadratic has a non-negative second deriva-
tive and achieves its minimum when ¢ = 0. The second derivative of this quadratic is
a {R(L_l),jL, SL} = ||Vsip| ’54Vg;bMR<L_l)ij75LVSib’ which is non-negative by Lemma A.4. From
Lemma A.4, Gainge-v {jr, 5,y (P, vsip) } is non-negative. It equals 0 when ¢ = 0, because
when ¢ = 0 then YRy, o1 = YRE=DAx;, o o

Intersecting L sets of the form (—o0,a;) U (b, 00) for a; < 0 < b, only takes O(L)
operations, because we simply need to identify the minimum a; and maximum b;. Finally,
Lemma A.7 ensures that Sg.ou(B, Vsip) has at most two disjoint intervals, and so the final

intersection with S0, (B, vgip) takes only O(1) operations. O
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A.4.5 Proof of Proposition 2.4.5

Let B = BRANCH{R,, TREE(3)}, let R(B) = {R©,...,RP}, and let v = vy (2.6).
Applying the expression given for {y/(¢, vsip) }i in Section 2.3.3 (which follows from algebra),
we immediately see that Condition 2.1 holds with R4 = R®) and Rp = RE"V N\, o, 1 e,

Let B = = [BRANCH{R4,TREE(y)}| and let v = 1, (2.14). Note
that m [BRANCH{R4, TREE*(y)}] induces the same region R® as the unpermuted
BRANCH{ R4, TREE*(y)}. Regardless of the permutation, the induced R® is equal to Ra.
Applying the expression for {y/'(¢, vey)}i given in Section 2.3.3, Condition 2.1 holds with

constant ¢y = 0.
A.5 Proofs for Section 2.4.3

A.5.1 Proof of Proposition 2.4.6

As stated in Proposition 2.4.6, let

P2, (y) = pr, {|yf8gY —| > vy —cl | U R(m[BRANCH{R 4, TREE*(3)}]) C TREE’\(Y),PULNQY =pL y} .

Vreg
TEQR

First, we will show that the test based on pf?eg(y) controls the selective Type 1 error rate,
defined in (2.4); this is a special case of Proposition 3 from Fithian et al. [2014].

Define & = {Y : Ry € TREEN(Y)}, & = {V : Pltng = P,fregy}, and
& = {Y : Ureo R (7 [BRANCH { R4, TREE () }]) C TREE’\(Y)}. Recall that the test of
Hy : v}, = ¢ based on p2 (y) controls the selective Type 1 error rate if, for all o € [0,1],
prig{pe,(Y) < a| &} < a. By construction,

Pr, {pf?eg(Y) <al|é&N 53} =F {1{er0(lvT Y —el>[VL y—cllEanEs ) <a} | &N 53] = Q.

reg reg

Q _ . .
Let ¢p, = 1{PT'HO(|VT Y —el2 I y—cl|E2nEs ) <a} An argument similar to that of Lemma 2.2

reg
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indicates that & C &;. The law of total expectation then yields
EW, |&)=E {E(% [ &1N&NE) | 51} =FE {E(ng | £2N &) | 51} =E(|&)=a.

Thus, the test based on pf?eg(y) controls the selective Type 1 error rate. We omit the proof
Q
that p;z,(y) can be computed as

P2y (y) = pru, {|¢ —d > Ly —cl | ¢ € | S (n[BRANCH{R A, TREE ()}, Vreg)}
TEQ

for ¢ ~ N(c, ||Vregll30?), as the proof is similar to the proof of Theorem 2.1.
A.6 Effect of using the computationally efficient alternative in Section 2.4.3

In this section, we investigate the effect of using p’,,(y) from (2.22) rather than p,e,(y) from
(2.15) on power. We also investigate the effect of using (2.23) rather than (2.17) on the
width of confidence intervals for v, p.

We generate data as described in Section 2.5.1, but for simplicity we restrict our attention
to the case where a = 1 (corresponding to the center panel of Figure 2.3).

For each tree that we build, we consider (a) testing Hy : v, = 0 and (b) constructing
a confidence interval for v, u, for each region appearing at the third level of the tree. For
each test, we compare the test that uses the full conditioning set (i.e. that uses p,,(y) from
(2.15)) to the test that uses the identity permutation only (i.e. that uses pf,,(y) from (2.22)).
For each interval, we compare the method that uses the full conditioning set (i.e. (2.17)) to
the method that uses the identity permutation only (i.e. (2.23)). The results are displayed
in Figure A.2.

The left panel of Figure A.2 shows that the power loss resulting from using (2.22) instead
of (2.15) is negligible. In fact, we need to zoom in on the left panel, as shown in the center

panel, to see any separation between the power curves. We see in the center panel that

power is lower when (2.22) is used, though we emphasize that the differences in power are
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Figure A.2: Simulation results comparing inference based on the full conditioning set to
inference based on the identity permutation only (see Section 2.4.3). The left panel shows
power curves. The center panel zooms in on one section of the left panel. The right panel
shows median widths of confidence intervals.

extremely small.

We see in the right panel of Figure A.2 that the computationally efficient conditioning set
has a more noticeable impact on the median width of our confidence intervals. As expected,
the confidence intervals are narrower when we use the full conditioning set (i.e. (2.17)).
However, this difference is most noticeable when b is small. When b is small, in which
case the confidence intervals are wide even when the full conditioning set is used. Thus,
the amount of precision lost overall by constructing confidence intervals using the identity
permutation only (i.e. (2.23)) is not of practical importance.

Based on these results, we recommend using the identity permutation in practice, because
it is the most computationally efficient choice and does not meaningfully reduce power or

precision compared to the full conditioning set.
A.7 Robustness to non-normality

In this section, we explore the performance of the selective Z-test under a global null when the
normality assumption on Y is violated. For four choices of cumulative distribution function
F'| we generate Y; "% F such that all observations have the same expected value. We set n =

n

200, p = 10, and we grow trees to a maximum depth of 3. We plugin (n—1)"">""  (y; — 9)?
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as an estimate of 02, as it does not make sense to assume known variance for distributions
with a mean-variance relationship. Figure A.3 displays quantile-quantile plots of the p-values
for testing Hy : v, = 0, using the test in (2.8).

Figure A.3 shows that despite the fact that our proposed selective inference framework
was derived under a normality assumption, it yields approximately uniformly distributed
p-values for Poisson(10), Bernoulli(0.5), and Gamma(1,10) data. We suspect that this is
because P;}Y is approximately independent of vTY for these distributions (see the proof
of Theorem 2.1 in Appendix A.2). In the case of Bernoulli(0.1) data, which represents a
particularly extreme violation of the normality assumption, the p-values from our selective
Z-test are not uniformly distributed. As mentioned in Section 2.7, future work could involve
characterizing conditions for F' under which our selective Z-tests will approximately control

the selective Type 1 error.
A.8 Alternate Box Lunch Study analysis

Figure A.4 is the same as the left panel of Figure 2.9, but the selective Z-inference is carried
out with G.ons, from Section 2.5.7, rather than 6ssg. The takeaways presented in Section 2.6

do not change.
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Figure A.3: Quantile-quantile plots of the p-values for testing Hy : v
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Method
® Naive Z-test
® Sample Splitting

©®  Selective Z-test

T

it = 0 under a

global null. A naive Z-test (green), sample splitting (blue), and selective Z-test (pink) were
performed; see Section 2.5.2.
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Figure A.4: A CART tree fit to the Box Lunch Study data. Each split has been labeled
with a p-value (2.8), and each region has been labeled with a confidence interval (2.23).

Inference is carried out by plugging in G, from Section 2.5.7, as an estimate of o.
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Appendix B
APPENDICES FOR CHAPTER 3

B.1 Illustrating the issues with the standard Seurat and Monocle3 pipelines

In this appendix, we elaborate on our claim that the popular R packages Seurat [Hoffman
et al., 2021] and Monocle3 [Pliner et al., 2020] promote use of the problematic two step
procedure that we introduced in Section 3.1 and that we refer to as “double dipping”. The
individual functions in both packages are sound. However, because the pipelines suggested
in the package vignettes make use of the same data for both latent variable estimation and
inference (“double dipping”), they lead to artificially small p-values that fail to control the
Type 1 error rate.

The Seurat “guided clustering tutorial” [Hoffman et al., 2022 suggests that, after ap-
plying numerous preprocessing steps, the function FindClusters() should be applied to
the data to estimate clusters, and then subsequently the function FindMarkers () should be
applied to the same data to test for differential expression across these estimated clusters.
The FindMarkers () function returns p-values from standard statistical tests (Wilcoxon rank
sum tests by default, or other tests if different arguments are supplied) that do not account
for the fact that the clusters were estimated from the data.

Similarly, the Monocle3 tutorial contains a section called “finding genes that change as a
function of pseudotime” [Pliner et al., 2022]. After preprocessing and dimension reduction,
the functions learn graph() and order _cells() are applied to the data to estimate pseu-
dotime. Subsequently, the function graph test () is applied to the same data. This function
applies a standard Moran’s I test to test for spatial dependence of gene expression across
pseudotime space for each gene, which does not correct for the fact that the pseudotime

space was estimated from the data.
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To demonstrate the deficiencies with the above pipelines, we perform a simple simulation
study. We generate 500 datasets X € Z2)"*" where X;; ~ Poisson(5). Under this data
generating mechanism, all cells are drawn from the same distribution and so no genes are
differentially expressed across any latent variables. We then carry out the following two

methods for each dataset X.

e Seurat (double dipping, as is done in the Seurat tutorial): = We convert
X into a Seurat object. We run the required preprocessing steps, and then we ap-
ply the FindClusters() function with resolution = 1 to the object. We then run
FindMarkers() on the object to test for differential expression between the first and
second estimated clusters. We save the Wilcoxon rank-sum p-values for each gene

returned by the FindMarkers () function.

e Seurat (count splitting): We first perform count splitting on the data to obtain
X'train and X't We create a Seurat object containing the counts X" and preprocess
X'ain and apply FindClusters () with the same arguments as above. We then add the
X't counts to the Seurat object as an additional assay, and we run FindMarkers ()
with the same arguments as above but with the additional argument assay="test".

We save the p-values for each gene returned by the FindMarkers () function.

e Monocle3 (double dipping, as in the Monocle3 tutorial): We first convert the
data into a cell data_set object. We then run the required preprocessing steps, and
then run the functions learn graph() and order_cells() to estimate pseudotime.
We run all functions with their default settings, and for order_cells() we set the
root cell to be the first cell in the dataset. Finally, we run graph_test () and save the

Wilcoxon rank-sum p-values returned for each gene.

e Monocle3 (count splitting): We first perform count splitting on the data to obtain
Xtrain and X't We create a cell_data_set object containing X", 'We preprocess

X" and then run learn_graph() and order_cells() on the training object, with
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the same arguments as above. We then create a new cell data set object that is
a copy of the training set object, and thus stores the same graph and pseudotime
information. However, we update the counts attribute of this dataset to store Xt
We then run graph test () on this new object and save the p-value returned for each

gene.

Figure B.1 shows uniform QQ plots obtained from each of the four methods above. For
both Monocle3 and Seurat, the pipeline that uses the same data for clustering or pseudotime
estimation and differential expression analysis leads to p-values that are too small, while the
count splitting pipeline yields p-values that are uniformly distributed. This demonstrates
that estimating a latent variable and testing for differential expression on the same data
leads to invalid p-values.

Code to reproduce Figure B.1 is available on our R package website at

anna-neufeld.github.io/countsplit.
B.2 Connections to Batson et al. [2019]

To evaluate the goodness-of-fit of low-rank approximations of scRNA-seq expression matrices,
with the ultimate goal of selecting optimal hyperparameters (such as the number of principal
components to keep), Batson et al. [2019] seek to obtain independent training and test sets.
They propose molecular cross validation (MCV), a method for obtaining such sets under the
assumption that X;; ~ Binomial(£2;;, p;), where €;; is the true number of mRNA molecules
for gene j in cell 7 and p; is the probability that a molecule in cell 7 is observed. The splitting

method involves three steps:
1. Xit;ain ~ Binomial (X, €)
2. Xg"th ~ Binomial (Xf;ain,p//)

test __ train both
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Figure B.1: Uniform QQ-plots of p-values under a global null, obtained using four different
methods.
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Under the binomial assumption, if p;” is chosen appropriately, then X" and X} are in-
dependent. Unfortunately, choosing the appropriate p! requires knowledge of the parameter
Pi-

As p; is typically unknown in practice, the authors suggest a simplification of the three-
step process above in which Xg"th is taken to be 0. Under this simplification, MCV becomes
identical to count splitting (Step 0 of Algorithm 3.1 in the main text).

The authors’ explanation for setting X}’j"th = 0 is as follows. They imagine that Xj;
counts the total number of unique molecules seen through two separate, shallower sequencing
experiments (which gave rise to X" and X¢*). In this framework, X" denotes the
molecules that were counted by both experiments and thus need to be subtracted out. The
authors note that, since scRNA-seq experiments tend to be quite shallow (i.e. the values of
p; are small), the overlap between two even shallower experiments is likely to be negligible.
We provide an alternate justification: when the p; are small and the €;; are large, then the
Poisson approximation to the binomial distribution holds, and so independence is given by
Proposition 3.4.1.

Thus, while developed for a different goal and under different assumptions, the proce-
dure of Batson et al. [2019] provides some justification for count splitting under a binomial

assumption.
B.3 Simulation comparing count splitting to selective inference

Gao et al. [2022] provide a selective inference approach for testing the null hypothesis that
two clusters estimated via hierarchical clustering have the same mean vector, under an

assumption of multivariate normality. More specifically, they assume
X_ ~Y MNan (/.1/7 I’I’L7 Uqu) 9 (B.l)

and seek to test

Hy: He, = e, s (B.2)
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where C; and C, index the observations assigned to the two clusters and where, for any
G CA{1,...,n}, we define iz = |Ze—10| > icc Mi- A naive Wald test for this null hypothesis does
not control the Type 1 error rate because it ignores the fact that C; and Cs are functions
of the data X. Gao et al. [2022] propose a selective Z-test that conditions on, among other
things, the event that C, and C, were output by the hierarchical clustering algorithm. As
shown in their paper, this method controls the Type 1 error rate when the data truly come
from a multivariate normal distribution.

While not the focus of this paper, count splitting can also test the null hypothesis in
(B.2) using a modification of Algorithm 3.1 from the main text.

To compare count splitting to selective inference in terms of Type 1 error rate control in
this setting, we generate 1000 datasets where n = 200,p = 10 and X;; ~ Poisson (5). For

each dataset, we do the following:

Double dipping: Run hierarchical clustering with average linkage on log(X + 1) to
obtain two clusters él and ég. Use the naive test that double dips described in Gao
et al. [2022] on log(X + 1) to test Ho : fis, = fig,. For this Wald test, estimate o using

the “conservative estimate” from Gao et al. [2022].

Selective: Run hierarchical clustering with average linkage on log(X + 1) to obtain
two clusters C; and C,. Use the selective test of Gao et al. 2022] to test Hy : fig, = fig, -

Estimate o using the “conservative estimate” from 7.

Count Split: Run Step 0 (count splitting) of Algorithm 3.1 with e = 0.5 to obtain
Xtrain and X't Run hierarchical clustering with average linkage on log(Xain 4 1)
to assign each cell to C; or Co. Use the Wald test described in Gao et al. [2022]
on log(X'" + 1) to test Hy : fig, = fig,- For this Wald test, estimate o using the

“conservative estimate” from Gao et al. [2022], computed on the test set.

The results of this experiment are shown in Figure B.3. While selective inference improves

upon the naive method that double dips, Figure B.2 shows that it fails to control the Type 1
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Figure B.2: Uniform QQ-plot of p-values under a global null. Count splitting controls the
Type 1 error while selective inference does not.

error rate for log-transformed Poisson data. This illustrates why the dependence of selective

inference on a normality assumption makes it inadequate for scRNA-seq applications.
B.4 Implementation details for Figure 3.2(a)

In Figure 3.2(a), the double dipping method, cell splitting, and count splitting are all carried
out as specified in Sections 3.3 and 3.4. The p-values reported are the default p-values
returned by the glm function in R (Wald p-values).

The jackstraw R package [Chung et al., 2021] does not allow for fitting GLMs or for arbi-
trary latent variable estimation techniques. To obtain the jackstraw results for Figure 3.2(a),
we implement the algorithm described in Section 3.3.6, which is similar to the proposal of
Chung and Storey [2015] but allows for a GLM and an arbitrary latent variable estimation
technique. We set b = 100 and s = 10 for our implementation.

The pseudotimeDE R package [Dongyuan Song and Nguyen, 2021] does allow for an
arbitrary pseudotime estimation technique, but it fits negative binomial generalized additive
models (GAMs) by default, and conducts likelihood ratio tests rather than Wald tests.
To remain true to Song and Li [2021], the p-values for pseudotimeDE that are shown in

Figure 3.2(a) are the default p-values returned by their R package (i.e. from GAMs and not
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GLMs). We estimate pseudotime using the first principal component of the log transformed
matrix (as for the other methods). We then pass this estimate of pseudotime into the R
package’s runPseudotimeDE() function with its default settings. To compute each empirical

p-value, we use B = 100 subsets of the data, each containing 80% of the observations.
B.5 Proof of Propositions from Section 3.4

B.5.1 Proof of Proposition 3.4.2

Note that X%ain | {XU = Xz]} ~ Binomial(Xij,e) and nge‘st | {XZ] = Xz]} ~
Binomial(X;;,1 — €). The first statement is by construction and the second follows from
swapping the roles of successes and failures in the binomial experiment. We now derive the

marginal variance of each distribution from the known conditional mean and variance:

Var(X{*) =B [Var [X{* | X;;]] + Var [E [ X5 | X;;]]
A2
= (1 — E)EAZ']' + (1 - 6)2 < b” + A2]>
J
(1—€)?A%;
b,

Var(X{5™") = E [Var [ X" | X;;]] + Var [E [ X" | Xj;] ]

2
= (1—€)eAj; + € As + A;;
ij b. ij
j
ezA?j

b

J

= GAZ']' +

Next note that
(€ + (1 - A2,
b; ’

train testy __
Var(Xij ) + Var(Xij )= A +



166

and that since X;; = Xm’“ln + Xtest

iy

: . 1 .
Cov (X Xe) = 3 (Var (X;;) — Var (X5*") — Var (X))
1 AY (€2 + (1 —€)?)A}
1 (2(e(1 - e))A?j _e(1- €)A;
2 b B b,

Finally, to compute correlation, we divide by the covariance by

1 — €)2A2. 2A2,
\/Var X1ain) Var(Xtest) = J ((1 —)Aij + (;#) (6%‘ +- b.”)
' J

Putting it all together,

e(l—be)A?j
train test) __ ‘
Cor (Xij , X ) L b; b;A 2
i j 3 1hig
?6(1 - 6)\/6(1—5) + 6(1—6) + AZ.]
Aij
J
\/6(1_6) + 6(1 e) T A
€(1—¢)

- 9

b2 b
\/A—%quAjj +e(l—¢)

as claimed in Proposition 3.4.2.
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B.5.2  Proof of Proposition 3.4.3

Let X;; ~ Poisson (y;A;;). First note that

Cov(Xyy, X5™) = B [Xy B [X5" | Xy]] - B[Xy) BXG™]
= eE[XG] —er? A
= ¢ (Var(Xy;) + E[Xy]*) — 7 A},
= ¢ (vil\ij +7A}) — i A

= E%‘Aij-

Next, note that SD(X;;) = y/v:Ai; and SD(X[5*") = |/ey;Ay;. Thus, as claimed in Proposi-
tion 3.4.3,

' €vil\ij
Cor(X,;, Xtrain) — R
or(Xe Xi™) Yil\ij /e ve

B.5.3  Proof of Proposition 3.4.4

Let X;; ~ Poisson (v; exp(fy; + B1;L;)) . The Fisher information matrix for the distribution
of X; with respect to 8; = (fy;, £1;) is given by

Z(B;) = [1n L)" diag (E[Xy]) [1n L]. (B.3)

We define 3, = log(1—¢€) + 5y and B1 = f31 such that, by Proposition 3.4.1, we can write the
distribution of Xi¢* as Poisson (w exp(Bo; + Blei)) The Fisher Information matrix for the
distribution of X}** with respect to B; = (Bo, B1) is given by

Z(f;) = [1n L) diag (E[X}™) [L, L] = (1—¢)[L, L] diag (B[X;]) [Lu L] = (1=)Z(5)). (B.4)
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If we regress X;-eSt on L, a Wald test for Hy : Bl = ( is based on the approximate large

sample null distribution:

By (LX) ~ N (0’ {I (Bj)_l) '

If we regress X,; on L, a Wald test for Hy : 51 = 0 is based on the approximate large sample

null distribution:

BI<L7XJ'> ~ N (O’ [I (ﬂy')_l]m) :
Thus, using (B.4), as claimed in Proposition 3.4.4,

1

— €

Var (,31 (L,X;est)) ~ —— Var (Bl(L,Xj)).

B.6 Overdispersion in the cardiomyocyte data

In Section 3.6, we fit Poisson GLMs to the cardiomyocyte differentiation data from Elorbany
et al. [2022]. Here, we justify the use of Poisson GLMs (and the use of count splitting) by
showing that the amount of estimated overdispersion is small.

We carry out the following process using the 10, 000 cells from all 7 days of the differenti-
ation protocol. We focus on the p = 2,500 high variance genes that we analyze in Section 3.6

of the main text (see Section B.7).

1. Compute L(X), using the function L(-) used in Section 3.6 and elaborated on in Ap-
pendix B.7.

2. For j =1,...,p, fit a negative binomial GLM using the MASS package in R to predict
X using Z(X ). From each GLM, record the estimated overdispersion parameter l;j,

along with the predicted mean Aij fori=1,...,nand j=1,...,p.
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Figure B.3: Histogram of estimated values of ” for the cardiomyocyte data. The vast
majority of values are less than 1 (marked with a red vertical line).

3. Make a histogram of the n x p values of %
J

We note that the process above double dips in the data, and so the estimated values Aij
and l;j may not be completely reliable. Here, we simply use them to understand the order
of magnitude of the overdispersion.

The resulting histogram is shown in Figure B.3. As noted in Section 3.4.2, the values

of ” indicate the amount of excess variance in the data. Figure B.3 shows that, for the
cardlomyocyte data, the vast majority of these values are less than 1. Thus, despite the
presence of a few datapoints with very large values of overdispersion, we decided to fit
Poisson GLMs (which are more numerically stable than negative binomial GLMs) for the
analysis in Section 3.6. As shown in Figure 3.2 of the main text, count splitting performs

reasonably well when ” <1
B.7 Details of pseudotime estimation from Section 3.6

Let M be the raw gene expression matrix. We now describe the procedure used to compute
L(-) in Section 3.6.
Steps 1-3 largely follow the pre-processing choices made in Elorbany et al. [2022], whereas
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Steps 4-5 use the popular and user-friendly Monocle3 R package for trajectory estimation

and are motivated by the Monocle3 vignettes [Pliner et al., 2022].

1. Normalization: We create the log-normalized matrix with the (7, j)th entry given by

log (71‘2[]7\]4) + 1). All operations below are run on this log-normalized matrix. The 4(+)
function is the librarySizeFactors() function from the scran package [Lun et al.,
2016], which computes the row sums of M and then scales them to have a geometric

mean of 1.

2. Estimate Cell Cycle: Using the tricycle package [Zheng et al., 2022], estimate the

cell cycle phase for each cell using the log-normalized version of M.

3. Feature selection: We apply the modelGeneVar () function from the scran package.
This function computes the mean and the variance of each log-normalized gene, and
then fits a trend to these values. The residuals from this trend measure the biological
component of variation for each gene. We then run the getTopHVGs () from the scran
package, which ranks the genes by this estimated biological component and computes
a p-value to test the null hypothesis that this biological component is equal to 0. We
select the genes whose biological component is significantly greater than 0 with a false
discovery rate cutoff of 0.01. If more than 2500 genes are deemed significant, we retain
the top 2500 of these selected genes for further analysis. While this feature selection
is performed separately for the training dataset, test dataset, and full dataset inside of
the Z() function, the 2500 genes whose p-values are plotted in Figure 3.4 of the main
text are the top 2500 genes selected using the full dataset (rather than the training
dataset or the test dataset).

4. Preprocessing and alignment and regressing out: We reduce the dimension of
the matrix output by the previous step (log-normalized with at most 2,500 features)

by keeping only the top 100 principal components of this matrix. Using the reduced
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dimension matrix, we then regress out technical sources of variation using the method
of Haghverdi et al. [2018], as implemented in the Monocle3 package in the function
align cds(). We include cell line as the alignment group, and we additionally regress
out the estimated cell cycle phase (from Step 2) and the proportion of mitochondrial
reads. While this regression step is suggested in the Monocle3 vignettes, regressing
out the estimated cell cycle phase is perhaps less standard. Regressing out cell cycle
is particularly important for the “day 0 only” example, as we want to ensure that no
true trajectory (including a trajectory through the cell cycle) is present in the “day 0
only” data.

. Monocle3 dimension reduction, graph embedding, and pseudotime calcula-
tion: Next, we compute pseudotime using a sequence of functions from the Monocle3
package. All functions are run with their default settings unless otherwise noted.
The input to this step is the matrix output by the previous step. First, we run
reduce_dimension (), which takes the already dimension-reduced data and turns it into
a two-dimensional UMAP representation. Next, we run cluster_cells(). (While we
do not wish to estimate clusters, this is a required step of the Monocle3 pipeline.) We
next run learn graph(), but we let use_partition=FALSE so that Monocle3 ignores
cluster information and learns a single graph through all of the cells. The clustering
and graph steps both happen in UMAP space. Finally, we run order_cells (), which
projects all cells onto the principal graph to obtain a single continuous trajectory. As
order_cells() requires a user-specified “root” cell (the cell which will have a pseu-
dotime of 0), we choose the induced pluripotent stem cell (IPSC) that is closest to a
vertex of the graph as the “root” cell. The cell type labels (i.e. the labels that allow
us to identify IPSC cells) were computed by Elorbany et al. [2022].
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Appendix C
APPENDICES FOR CHAPTER 4

C.1 Implementation details for Figure 4.2

To generate Figure 4.2, we first generate a toy dataset X € ZIZO(?XZ, where each element X;

is drawn independently from the NB(5,5) distribution, which has mean 5 and variance 10.
In panels (¢) and (d), the naive method that uses the data twice and our proposed method
are both implemented using the details provided in Section 4.4. Here, we provide details
about the implementation of sample splitting used in Figure 4.2.

We begin by splitting the cells such that the first n/2 cells belong to the training set, and
the remaining cells belong to the test set.

We first describe Figure 4.2(c). For values of k ranging from 1 to 10, we cluster the first
n/2 rows of the matrix log(X + 1) using k-means clustering with & clusters. This yields
estimated cluster assignments ¢; only for cells 7 = 1,...,% (the cells in the training set).
To obtain cluster assignments ¢; for the cells in the test set, we run 3 nearest neighbors
classification on the log transformed training set, the log transformed test set, and the

training set cluster labels. We then compute an estimated mean fi;; for each datapoint X;;

as
1 n/2
/&ij == n/2 R R ZXl/,]]_{é; - éz}; (Cl)
Zi’/:l ¢ =&} i

which is the sample mean of the training set data points belonging to this cluster. Finally,

we compute the within-cluster mean-squared error as

1
n/2 x 2

Y. D (log(Xy + 1) —log(fy; +1))*. (C.2)

i=n/2+1 j=1
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Sample splitting is implemented in a similar way in Figure 4.2(d). We run k-means
clustering with k£ = 2 on the logged training data. This yields cluster assignments ¢; only
for i = 1,...,n/2. We once again obtain cluster assignments ¢; for i = n/2 + 1,...,n by
applying 3 nearest neighbors to the logged training set, the logged test set, and the training
set labels. Finally, for j = 1 and for j = 2, we fit a negative binomial generalized linear
model where the response is X;; and the covariate is ¢, for i =n/2+1,...,n.

In both cases, sample splitting fails because ¢; for i = n/2 + 1,...,n is obtained using
the data X;; for i =n/2+1,...,n, via the 3 nearest neighbors classification step. Thus, in
the evaluation steps that use the test set, the test set is not truly held out data.

To create panels (e) and (f) of Figure 4.2, we apply Algorithms 4.5 and 4.6 to the single
realization of toy data shown in Figure 4.2. In both algorithms, we estimate k = 5 clusters
by running k-means on the log-transformed data. For Algorithms 4.5, we use a support

vector machine (SVM) with a linear kernel as the classifier.

C.2 Proofs for Section 4.3

C.2.1 Proof of Theorem 4.2

We first state and prove the following lemma. We note that this lemma is proved much
more concisely in Neufeld et al. [2023a] using the observation that the distribution of two
independent negative binomial random variables conditional on their sum is beta binomial,
and then applying the general data thinning proof. Here, we prove this specific result directly

via algebra.

Lemma C.1 (Beta-binomial thinning of a negative binomial random variable)

Lety ~ NB (u,b) and for any € € (0,1) draw y™™ | y = y ~ BetaBinomial(y, eb, (1 — €)b)

test train

and let y*** =y — y"™. Then

1. y*s' ~ NB (u, b)

2. ytrain ~ NB (M, b)
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3. ytrain 1L ytest'

For ease of notation in the proof, denote by = €b and by = (1 — €)b. Further define

0 = where this parameter § maps the mean-overdispersion parameterization of the

e
ptb?
negative binomial that is used throughout this paper back to the parameterization where
X ~ NB(pu,b) is the number of successes in a series of i.i.d. Bernoulli () trials until b failures
occur.

Using the definition of the beta-binomial distribution,

T train b\ __ train bIT(b b
Pr(ytraln - ytram | y = y) ( y > (y + 1) (y ) + 2) ( 1 + 2) .
ytrn L(01)L(b2)I'(y + b1 + b2)

train test

Now we derive the joint distribution of y and y

Pr(ytrain — ytrain’ ytest — ytest) — Pr(ytrain — ytrain’ y = y)
— Pr(ytrain — ytrain ‘ y = y)Pr( — y)

_ < Y ) L (y™™® + 01)T(y — y*™™ + ba)T'(b1 + b2) Ty +b)
ytrain L(b1)T(b2)T'(y + by + b2) y'T'(b)
_ < y ) L (y"™™™ + b)T(y — y™ ™ + ba)L (b1 + ba) T(y + b1 + ba)
)T

(1—6)°0Y

(1 _ 0)b1+b29y

yire COOT (b (y + by + ) YT by + bo)
1 I‘(ytl‘aln + bl)r(y - ytrain _|" b2) b train b __,train
= . 1—6)16Y 1—0)26v"Y
ytraln!(y _ ytram)! F(bl)r(bg) ( ) ( )
For the final step, substitute y'st = gy — yrain,
s : ]. I“(ytrain + bl)r(yteSt + b2) train test
P train _ tram’ test _  testy _ : 1 — 0 b1 Qy 1 — 9 bgey
F train b train F test b train
(y—m“ N RE M(l — 0)"=0Y
I‘(b1>ytraln! I‘(b2)ytest!
This is the product of two independent negative binomial distributions; one for y#" and one

for y*t. In the success-failure parameterization, y™® ~ NB(b;,0) and X'** ~ NB(by, 0).

This means that E [y™"] = £ = 0 — ¢y Similarly, E [X(*Y] = (1 — €)u. This

concludes the proof of Lemma C.1.
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Theorem 4.2 follows from noting that when Algorithm 4.2 is applied to a dataset X
such that X;; "™ NB(puq,b;) with b = by, then for every i = 1,...,n, j = 1,...,p, and

m=1,...,M:
® X:;St’m | Xij = Xij ~ BetaBinomial (Xij7 Embj, (]_ - Em)bj).
rain,m test,m

Thus, the proof of Theorem 4.2 follows by applying Lemma C.1 for each i = 1,... n,
j=1,....p,andm=1,..., M.

C.2.2  Proof of Theorem 4.3

The first two statements in Theorem 4.3, which give the marginal distributions of X;;ain’m
and X;;St’m, are relatively well-known results that can be found in, for example, Harremoés
et al. [2010] and Leiner et al. [2022]. The derivation of the correlation between Xs;ain’m and
X;*™ is from Neufeld et al. [2022a], and is given below.

. . . trai test . .
We first derive the marginal variances of Xi™™™ and X" using their known con-
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ditional means and variances. Recall that XE;?St’m | X;; = X;; ~ Binomial(X;;, €,,).

Var(X5™™) = E [Var X | X]] + Var [E X | X,5]]

=FE [(]_ — em)emXij] + Var [EmXij]

2
= (1 = em)empij + €m (% + ﬂij)
J

2,2
EmMij
)
bj

Var(X ") = [ Var [ X7 | Xy || + Var [B [ X5 X, |

= €mflij +

= E [Var [X;; — Xi5°" | Xj5]] + Var [(1 — €,,)X;5]
=K [Var [XE;St’m | XZJH + (1 - Em (,UU b. )
J

= Elem(l — ) Xis] + (1 — €m)* (M“ i E>

Next note that

Var(Xg-ain’m) + Var(XE;}St’m) = Mij +

and that since X;; = X“’J"ln + Xest

iy

rain,m est,m 1 rain,m est.m
o (767) = § (05 o () o 7))
1 My (€ + (1 —e)*)ui;
~ 9 Wi + 7 b = Mg — b
J J
1 (2en(l—en)id\ el — e
2 bj - b; :
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Finally, to compute correlation, we divide by the covariance by the square root of the product

of the sample variances. Simplifying the algebra yields the result [Neufeld et al., 2022a].

C.2.3 Proof of Theorem 4.4

The first statement of Theorem 4.4 follows directly from the law of total expectation. Re-

gardless of the value of b,

B[X;™" = BEX™ | X = Xy]] = BlenXi;] = empri

X5 = BEXE™™ [ X = Xl = E[(1 - e2)Xj] = (1 €m)pj.

This is because the parameters b do not affect the expected values of the

DirichletMultinomial (Xl-j, ebl, ..., emb;-) distribution, only the variance.

The second statement of Theorem 4.4 uses the law of total variance. We start by

deriving the marginal variance of Var[XE;.St’m].
Var(X;$™) = E[Var(X[5™"™ | X;;)] + Var (B (X5™™ [ X)) -

We know that X!"™ | X,; ~ BetaBinomial (X;;, e, (1 — €,)V,), and so we can plug in
iJ J J J J

the (known) mean and variance of the beta binomial distribution.

Xijem(1 = €m) (b + X)
(05 +1)
€m(1 — €m)b]

:WE[X]—I—

Var(X[5™) = E + Var (¢,,X)
em(1 —€n)

(5 +1)

E [X?] + €2, Var (X)
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We also know the mean and variance of X, since X ~ NB(u;;,b;). We plug these in and
simplify.

est.m 6ml_em b/' i € 1—e¢€ 12 22
Var(X5™™) = ( s Sl <Nz‘j o4 +/~6?J) + e (/Mj + &)

(b +1) (b;. +1) b; b;
ez em(l—en)p? [ 1
mij m m
— Emtij T 1
R P (Y (bﬁ)

At this stage, we want to compare the magnitude of this variance to ¢,, Var(X), and so we

add and subtract 0.

Var(XE;.’St’m) = {emmj + em@] — {em@ —é @} + M (_ + 1)

b; b; " b; (b; +1) b;
2 2
Hij em(1 — €em)pi; (1
= mv X - m 1 — Gm - + Y (_ + ]->
em Var(X) {e ( € )bjl (b;-+1) 7

= e Var(X) — e, (1 — €,)p13; (% (v i 1) (% N 1)>

2
= €, Var(X) — e, (1 — em)@ (1 _ b 1)

b, b1
2
i (b1
= e Var(X) + €, (1 — €,,) =2 (J— - 1) :
b \V;+1

as claimed in Theorem 4.4. We omit the derivation of Var(XE;-ain’m), which is identical to the
derivation for Var(XE?St’m) and uses the fact Var(Xg-ain’m | Xij = X;j) = Var(X — XE;St’m \
Xij = Xz]) = VaI‘(XEJe-St’m | Xij = XU)

Finally, for the third statement of Theorem 4.4, we use the fact that we can always

write

2 x Cov (X[ X4™) = Var(X;;) — Var(X{5™™) — Var(X{5™™).
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We then plug in the known values of these variances. We can simplify this expression using

what we derived above.

2
2 % COV(X(train)’ X(tcst)) = Var(Xij) — €m Var(Xij) _ Em(l _ Gm)@ ( J o 1)

- el — el (L
(1 —€y) Var(X;;) — €n(l —€5) b, (b’+1 1)

2 .
— 26, (1 — ) hi (bf 1 1)

by \V,+1
2
Cov/(X (train) x(test)y — ¢ (1 — ¢ V22 (1 . ) )
( ) ( )bj v +1

C.2.4 Proof of Theorem 4.5

We first derive the Fisher Information contained in X;; for the parameter su;;.

r g2

d
I, (Xj)=—E e log (f (X | Mz’jabj)):|
L %4

[ q2 < <P(X.A_|_bA)> i b.
=—E|— (log | =22 ) + X;;log | —2— | + b;log J
| dp; I(b;) X! ! frij + b ’ pij + b

[ —1 1 1
e (e Y ()
Y (M?j (pij + b;)? 7\ (paj + b;)?
1 . Hij + bj N bj

o (yE0)? (g +by)

test,m

Now we derive the Fisher Information contained in X, for the parameter y;;.

2

est,m [ d
wy (X5™) = =B | o= log (f (X5 | 145, b5))
_d:“z'j

[ d? ( (F(X'-—i-e b)) Emllij
=—E |- (log | =222 ) + Xjjlog | ——— | + embjlog
| dp; I'(emb;) Xij! ’ €mHij + €mb; ’

[ —1 1 1
e (e Y e ()
i (M?j (f1i + bj)? T\ (paj + bj)?
€m  EmMij + €mb;

_ J _
= G ) emu, (Xij)-

Embj

EmMij + Emb;

)
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The statement about I, (Xgain’m> can be derived in a similar manner, but it also follows
directly from the results above and Theorem 4.2. Because Theorem 4.2 gives us independence
between X" and X", we immediately know that I, (X{5™"™) + I, (Xl?;ain’m) =
1, (X;;). The result follows.

Hij
C.3 Implementation details for Section 4.4

For a given matrix X, we use the R package sctransform in the following manner to estimate
gene-specific overdispersion parameters b; in the simulations for Section 4.2.

Briefly, sctransform begins by fitting a negative binomial GLM with X as the response,
and the logged total number of unique molecular identifiers (UMIs) as the covariate for
each gene j = 1,...,p. This yields a maximum likelihood estimate ZA)?““E for each gene
7 =1,...,p. These maximum likelihood estimates are known to be quite noisy for sparse
negative binomial data. Furthermore, the “null model” that only includes the total number
of UMIs as a covariate should be the correct model for the majority of the genes, but will
be incorrect for any genes that exhibit true differential expression across unknown latent
variables. Thus, as a second step, sctransform fits a smooth kernel regression to estimate a
relationship between the average expression of each gene and the gene-specific overdispersion.
These smoothed estimates are used as the gene-specific overdispersion parameters.

We run the vst () function from the sctransform package in R with its default settings
in Section 4.4. We note that we simulated data in which the two main assumptions of
sctransform are met; that is, most genes are not differentially expressed, and there is a
smooth relationship between the average expression of a gene and its parameter b;. Thus,

our results show a best-case scenario when it comes to using sctransform to estimate b;.
C.4 Implementation details for Section 4.5

The data used in Section 4.5 comes from the publicly available dataset that is associated with
Cao et al. [2020], which can be downloaded from https://descartes.brotmanbaty.org/.

For the main cell type analysis, we used all cells from this dataset that were collected from
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the kidney. For the cell subtype analysis, we used all of the kidney cells that were labeled in
this dataset as Metanephric cells (i.e. were assigned Metanephric labels during the original
analysis by Cao et al. [2020]). For both analyses, we filtered to genes with non-zero counts
in at least 10 cells.

To carry out Step 1 of Algorithm 4.5 on our two datasets, we used the Monocle3 package.
To preprocess each dataset, we generated a 50-dimensional principal components embedding
of each dataset and subsequently a 2-dimensional UMAP embedding using the default set-
tings of the preprocessing functions in the Monocle3 package. Next, we performed Leiden
clustering using the the Monocle3 clustering function. We chose a resolution parameter that
gave a similar number of clusters to those obtained in the original paper. More specifically,
we let the resolution parameter be 1 x 1079 for the full kidney dataset and 1 x 10~ for the
metanephric cell subset. To carry out Step 2 of Algorithm 4.5, we split the 50-dimensional
principal components embedding of the full count data from kidney and metanephric cells
into 5 folds containing equal numbers of cells. We used the cluster labels, inferred as de-
scribed above (on the full counts), as the ’true’ cluster labels. For each of the 5 folds, we then
trained a linear SVM model to predict the cluster assignment from 80% of the embedded
expression data. We generated a confusion matrix by comparing the 'true’ labels to this
trained model’s predictions on the held-out subset. We note that this SVM is slightly dif-
ferent from that of Cao et al. [2020], who trained their SVM using the whole transcriptome
rather than the reduced-dimension embedding.

To carry out the “assume Poisson” version of Algorithm 4.6 on our two datasets, we
began by performing Poisson count splitting (Algorithm 4.1, or, equivalently, Algorithm 4.2
with b; = co) with M = 2 folds and €; = €, = 0.5 on each dataset to obtain an X® and an
X @ for each of the datasets. We then followed the preprocessing and clustering procedure
outlines above on each fold for each dataset, to obtain two clusterings for each dataset. To
produce the confusion matrices in Figure 4.9, we re-ordered the test set labels on the Y-axis
to make the confusion matrix as diagonal as possible (since cluster 1 on the first fold does

not necessarily correspond to cluster 2 on the second fold).
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Finally, to carry out the negative binomial version of Algorithm 4.6 on our two datasets,
we began by using the sctranstorm package in R with its default parameters to estimate
overdispersion values for each gene (see Appendix C.3). We then performed negative binomial
count splitting (Algoritmm 4.2) with M = 2 folds and ¢; = €5 = 0.5 on each dataset to obtain

an XM and an X® for each of the datasets. We then proceeded as in the Poisson case.
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Appendix D
APPENDICES FOR CHAPTER 5

D.1 Comparison of data thinning and data fission

As mentioned in Section 5.1, the data fission proposal of Leiner et al. [2022] provides an
alternate set of strategies to decompose a single realization X into X and X®. In this

section, we compare and contrast the two approaches.

D.1.1 Independent decompositions

Leiner et al. [2022] provide a strategy for obtaining independent XV and X only in the
case where X is Poisson or Gaussian.

In the case of the Poisson distribution, the proposal of Leiner et al. [2022] coincides
exactly with the proposal obtained from Algorithm 5.1 in this paper. This proposal is well-
known, and has also been used by Oliveira et al. [2022], Sarkar and Stephens [2021], Gerard
[2020], Chen et al. [2021] and Neufeld et al. [2022a].

In the case of the Gaussian distribution, the proposal of Leiner et al. [2022] has also been
used by Tian and Taylor [2018], Oliveira et al. [2021], and ?, among others. It does not follow
directly from Algorithm 5.1 in this paper, since X # X" + X However, in Example D.1,

we show the proposal of Leiner et al. [2022] is a simple rescaling of the proposal in this paper.

Example D.1 (Comparison of two Gaussian decompositions) Consider the task of
splitting the N(u,o?) distribution into two independent normally-distributed random vari-
ables, with o known. The data thinning proposal is given in Table 5.2, and leads to
XM ~ N(ep, e0?) and X® ~ N((1 — €)p, (1 — €)o?), where XV + X@) = X

The data fission proposal is as follows: given a value of T > 0, we draw Z ~ N(0,0?),

and then let XV = X +7Z and X® = X — 1Z. Then, X' ~ N(u, (1 + 72)0?) and
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X" ~N(p, (14 %)o?). It follows that X' 1L X". Under this decomposition, X' + X" # X,

but
1 , T2 1 72 1
X" = X A X--2)=X.
1+ 72 +1—|—7’2 1—1—7’2( T >+1—|-7'2( 7')

_1_
14+727

then the random variables ——= X' and ——5X"

We can easily verify that, if we let € = T T2

obtained via data fission have the same distributions (both marginally and conditional on

X =21)as XY and X® obtained via data thinning. For example, we can easily verify that

1+sz X' ~N (1+172:“’ 1+1T2 02) = N (ep,e0?). Thus, the two decompositions are identical, up

to a scaling of XV and X® by a (known) constant.

The main idea of Example D.1 extends to the decomposition of the multivariate normal
given in Table 5.2 of this paper, and the corresponding decomposition from Leiner et al.

2022].

D.1.2  Non-independent decompositions

With the exception of the Gaussian and Poisson distributions, the decompositions of Leiner
et al. [2022] do not yield X and X that are independent. While in principle we can fit
a model to XV and validate it using the conditional distribution of X® | X we will see
in this section that this can be difficult to carry out in practice. In particular, we note the

following drawbacks of the non-independent decompositions of Leiner et al. [2022].

(1) The distribution of X, and the conditional distribution of X®|X® need not re-
semble the distribution of X. Thus, if the goal is to evaluate a potential model for X,
it is not always clear what model to fit to X, We will illustrate this drawback in

Example D.2.

(2) The parameters of interest are entangled in the conditional distribution of X | X1,

We will illustrate this issue in Example D.3.
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(3) The tuning parameter that governs the information trade-off between X and X2
can be hard to interpret. For instance, in the case of the Gamma decomposition in
Example D.2, the tuning parameter is B € {1,2,...}, but in the case of the nega-
tive binomial distribution in Example D.3, it is € € (0,1). These both contrast with

Example D.1, where the tuning parameter was 7 > 0.

(4) The roles of X M and X® cannot be interchanged. For example, in the decomposition
of the Bernoulli(f) distribution given in Leiner et al. [2022], the distributions of X and
X@ | XM each contain information about §. However, the distribution of X | X(2)
contains no information about . Furthermore, while Remark 1 in Leiner et al. [2022]
provides a strategy for obtaining multiple folds of training data for the data fission
decompositions that are constructed using the “conjugate prior” strategy, these folds
are not marginally independent of one another (they are conditionally independent
given X). Beyond these specific decompositions, Leiner et al. [2022] do not provide a
clear strategy for extending their decompositions to the case of multiple folds. Thus,
it is not clear in general how to use data fission decompositions to carry out cross

validation.

To illustrate point (1), we consider the Gamma distribution.

Example D.2 (Gamma decomposition, data fission approach) Suppose X ~
Gamma(w, 5). For a tuning parameter B € {1,2,...}, Leiner et al. [2022] propose
drawing Z = (Z1,...,Zp), where Z; S Poisson(X), and thus each Z; marginally follows
a NegativeBinomial(a, 1/(8 + 1)) distribution, and the Z; are independent conditional on
X. Take XV = Z, and X® = X. Then, the conditional distribution of X® | X1 s
Gamma(a + Y7 | Z;, 8+ B).

This stands in notable contrast to Example 5.1 from the main text, in which data thinning

provides independent (and Gamma-distributed) random variables.
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To illustrate point (2), we revisit Application 5.2 to see a concrete example in which
data thinning is straightforward but the proposal of Leiner et al. [2022] is difficult to use in

practice.

Example D.3 (A comparison of negative binomial decompositions) We  observe
X;; ~ NegativeBinomial (r;;,p;;) fori=1,...,nand j=1,...,p.

From Table 5.2, data thinning requires r;; to be known, and yields Xl-(jl) ~
NegativeBinomial (er;;, p;;) and Xi(jz) ~ NegativeBinomial ((1 — €)r;, p;;), with XV 1L X®),
E[XW] =€ E[X], and E[X®] = (1 —¢) E[X]. Thus, as in Application 5.2 and Evample 5.5,
i (X(l)) is an estimator for e E[X], and we can evaluate ji(X™M) by computing the mean
squared error between X and %[L (X(l)).

For e € (0,1), the data fission proposal of Leiner et al. [2022] draws Xi(jl) | X ~
Binomial(X;, €) and sets X» = X — XW . Under this decomposition,

Xi(jl) ~ NegativeBinomial (ribm» and so E[XW] = ¢ E[X]. Moreover, Xi(j?) |
Xz.(jl) ~ NegativeBinomial (rij - X'L'(jl)apij +e— pl-je>, and so E[XZ.(]?) | Xl.(jl)] -

(Tij —i—XZ-(jl)) (1;1;1;7:;’;]) As XD and X@ are not independent, we cannot simply use
mean squared error loss between X and %[L (X(l)) to evaluate the estimator.

At a glance, it might appear that an advantage of data fission over data thinning is that
the former does not require knowledge of r;; to obtain Xi(jl) and Xz-(jz). Howewver, looking at
the conditional distribution of X@® | XM we see that E[X®)] is a function of E[X] that

is tractable only if r;; is known. Thus, in practice, using the data fission approach to do

inference on E[X] will require knowing or accurately estimating the nuisance parameters r;;.

Similar issues arise for other decompositions given in Leiner et al. [2022].
D.2 Proofs from Section 5.2

D.2.1 Proof of Theorem 5.1

This proof is due to Joe [1996] and Jgrgensen and Song [1998], but has been adapted to fit

our notation.
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Let x, our observed data, be a realization of a random variable X ~ F). Let € € (0, 1)
be chosen such that e and (1 — €)\ are in the parameter space A. We draw XM | X = 2 ~
Gex(1—0nz, Where this notation was defined in Section 5.2.1, and let X@ =x_—xO,

Separately, let X’ ~ F.y and X" ~ F(;_¢\ be independent, and let ¥ = X’ + X". As
F, is a convolution-closed distribution, it follows that Y ~ F\ and thus we know that Y has
the same marginal distribution as X.

We first argue that the joint distribution of (X, X) is the same as the joint distribution
of (X', Y). The conditional distribution of X* | X is the same as the conditional distribution
of X | Y by definition of the distribution Gy 1-¢)r,- Furthermore, we have already noted
that the marginal distributions of X and Y are the same. Thus, the joint distribution of
(XM X) is the same as the joint distribution of (X’,Y").

As X@ is deterministic given X and X, the joint distribution of (XM, X®) is the
same as the joint distribution of (X, X). Similarly, the joint distribution of (X’,Y) is the
same as the joint distribution of (X', X”). Thus, the joint distribution of (X, X)) is the
same as the joint distribution of (X', X”). As the joint distribution of X’ and X" is known
to be the product of independent distributions Fiy and F{;_), this completes the proof of
parts (i) and (ii) of Theorem 5.1.

The final statement of Theorem 5.1 follows directly from Remark 5.1.

D.2.2  Proof of Proposition 5.2.1

To prove (i), note that since X | X = 2 is normally distributed and X is normally
distributed, a well-known property of the normal distribution tells us that the marginal

distribution of XV is normal. We then use the law of total expectation and the law of total
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variance to compute its mean and variance.

EXW] =EEXWY | X]] = E[eX] = eu
Var(XW) = Var (E [X) | X]) + E [Var (X | X)]
= Var (eX) + E (e(1 — €)5%)

= e20? +€(1 — €)5%

To prove (ii), note that the difference between two normally distributed variables (X and

X ™) is normal. Then note that

E[X(Q)] = E[X] - E[X(”] =p—ep=(1=-€p

Var(X?) = Var (E [ X]) + E [Var (X(Q) | X)]
—Var( (X 1>|X])+E[var(X—X<1>|X)}
= Var ((1 — €)X) + E [Var (XV | X)]

= (1—€)?0” +¢(1 —€)5°,
which completes the proof of (ii). Finally, to prove (iii), note that

2 Cov(XW, X@) = Var(X) — Var(XW) — Var(X?)
=0 — 0% — (1 — )6 — (1 — €)?0% — €(1 — €)5?

=2¢(1 —€) (0* —57).

D.2.3 Proof of Proposition 5.2.2

Recall that if A ~ BetaBinomial (r,a, 8), then E[A] = %5 and Var(A) = %

Then we can derive the marginal variance of X using the law of total variance and the
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fact that X)) | X ~ BetaBinomial(X, e, (1 — €)7).

Var(XW) = E[Var(X™" | X)] + Var(E[XY | X))
Xe(1—e€)(7+ X)
(7 +1)

- ei};f) (FE[X] +E [X?]) + € Var (X)
_ e(1—¢)

r+1

=LK

+ Var (eX)

(FE[X] + Var(X) + E[X]?) + € Var (X) .

Next note that Var(X® | X) = Var(X — XM | X) = Var(X® | X) and that E[X? | X] =
(1 —€)X. Thus, we arrive at:
e(1—e)

Var(X®) = — (FE[X] + Var(X) + E[X]?) + (1 — €)* Var (X) .

To derive the covariance, note that:

2Cov(XW, X@) = Var(X) — Var(XM) — Var(X®)

= Var(X) — 26(;;16) (FE[X] + Var(X) + E[X]?) — (¢ + (1 — ¢)?) Var (X)
el —¢) frl_p Tl—p 702(1—10)2 . —erl_p
= 21:+1 ( p + o + p >+2(1 ) 2

226(1—6)T(1_p)2 (1— T“).

p? r+1
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The proof structure is identical to those of Proposition 5.2.1 and Proposition 5.2.2. We start

by recalling that if A ~ Gamma(a, 3), then E[X] = § and Var(X) = 4. Then:

Var(XW) = E [Var (X | X)] + Var (E [X®) | X])
= FE[Var (XZ | X)] + Var (E[XZ | X])
= E [X?Var (Z)] + Var (X E[Z])
—F [XQ (M)] + Var (Xe)

a+1
_ eg;? (Var(X) + E[X]?) + € Var (X).

Similarly, we note that Var(X® | X) = Var(X — X® | X) = Var(X® | X), while E(X® |

X) = (1 —¢€)X. This allows us to do a similar derivation and arrive at:

Var(X®) = E [Var (X@ | X)] + Var (E [X® | X])
e(1—e)

== (Var(X) + E[X]?) + (1 — €)* Var (X)..

Finally,

2 Cov(XW X@) = Var(X) — Var(XW) — Var(X¥)
e(1—e)
= Var(X) — 2

) =2

- 6(1;16) (Var(X) + E[X]?) + 2¢(1 — ) Var(X)

e(~1—€) <a<1+a>) +2€(1— o)

a+1 B?

:26(1—6)% (1—311)

= -2

(6]
s

(Var(X) + E[X]*) — (€8 + 1 — 2¢ + €°) Var(X)
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D.3 Proof of Theorem 5.2

The proof is nearly identical to that of Theorem 5.1. It extends ideas from Jgrgensen and
Song [1998] and Joe [1996] to the setting of multiple folds.

Let z, our observed data, be a realization of random variable X ~ F\. Let €1,..., e
be chosen such that Z%Zl €m = 1, €, > 0, and €, is in the parameter space A for m =
1,..., M.

Suppose we draw (X(l), . ,X(M)) | X =2 ~ Geareon,.epras Where Gex o eyre Was
defined in Section 5.3.

Separately, let X1, Xo, ..., X3 be mutually independent random variables, where X, ~
F. , and let Y = Zn]\le X,,. As F)\ is a convolution-closed distribution, we know that
Y ~ F) and thus Y has the same marginal distribution as X.

The conditional joint distribution of (XM, X® . X™)) | X is the same as the condi-
tional joint distribution of (X3, X, ..., Xa) | Y, by definition of the distribution Ge,x ¢\ x2-
Furthermore, we have already seen that the marginal distributions of X and Y are the same.
Thus, the marginal joint distribution of (XM, X® . X®)) is the same as the marginal
joint distribution of (Xi, Xs, ..., X)/). Furthermore, by construction, the marginal joint dis-
tribution of (X7, X, ..., X)) is that of M mutually independent random variables, where
X ~ F., . This concludes the proof of Theorem 5.2, parts 1-3. Part 4 of Theorem 5.2

follows directly from Remark 5.1.
D.4 Simulation study supporting details

In this section, we provide additional details about the simulation studies described in Section
5.4.1.

For Example 5.9, in which we select the number of principal components for binomial
data, we use the following setup. For K* = 10, we compute § = UDVT where U is a n x K*

random orthogonal matrix, D is a K* x K* diagonal matrix with diagonal elements equal

exp (60i) gy

to 5,6,...,14, and V is a d x K* random orthogonal matrix. Then, p;; = Trop (01))
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i1=1,...,nand 7 =1,...,d.

For Example 5.10, in which we select the number of clusters in Gamma-distributed data,
we use the following setup.

In the small d, small K* clustering setting described in Example 5.10, observations from

each cluster are generated as X;; e Gamma(\, 6, ;) where A = 20,

0.5 5
5 0.5
10 10

_0.5 0.5_

and ¢; € {1,2,3,4} is the true cluster membership for the ith observation.
In the large d, large K* clustering setting described in Example 5.10, observations from
each cluster are generated as Xj; s Gamma(A, 0., ;) where A = 2, the K* x d matrix 6 is

constructed such that for j=1,...,dand k=1,..., K*,

) 0.1 if k<9 and 10k —9 < j < 10k + 10,
ki —

1 otherwise,

and ¢; € {1,2,...,10} is the true cluster membership for the ith observation.
D.5 Simulation with mean squared error loss function

D.5.1 Methods

As an alternative to the negative log-likelihood loss used in Section 5.4, here we consider
applying a mean squared error loss. To do this, we simply replace the negative log likelihood

from Step 4 of Algorithms 5.3 and 5.4 with the mean squared error, defined as

n d

1 €S 2
DY (X — g0 (D.1)

i=1 j=1
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Binomial PCA Gamma Clustering — Small Gamma Clustering - Large

0.254
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0.001

Figure D.1: The mean squared error loss averaged over 2,000 simulated data sets, as a
function of K, for the naive method (purple), data thinning with ¢ = 0.5 (red), data
thinning with ¢*™ = 0.8 (blue), and multifold thinning with 5 folds (green). Each curve
has been rescaled to take on values between 0 and 1, for ease of comparison. The minimum
loss values for each method are circled, and K* is indicated by the vertical black line.

in the case of Algorithm 5.3 and

6(tes’l:)

2
(test) ~(K)
(Xij - ¢(train) Méi»j) (DQ)

1 n d
PP

i=1 j=1

in the case of Algorithm 5.4.
After replacing the loss functions, these algorithms can be applied directly to obtain
simulation results for data thinning, and with slight modification to obtain results for multi-

fold data thinning and the naive method, as described in Section 4.2.

D.5.2 Results

In Figure D.1, we plot the average mean squared error curves, as a function of K. As with the
negative log-likelihood loss, data thinning approaches produce curves with sharp minimum

values at or near K = K*, as opposed to the naive method’s monotonically-decreasing curves.
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Binomial PCA Gamma Clustering — Small Gamma Clustering - Large
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Figure D.2: The proportion of simulations for which data thinning selects the true value
of K* with the mean squared error loss, as a function of e for the simulation study
described in Section 5.4.1. The optimal value of ¢(*"#") depends on the problem at hand.

In Figure D.2, we plot the proportion of simulations that select the correct value of K*
using the mean squared error loss, as a function of €2 Results are largely similar to
Figure 5.4.

Finally, we compare multi-fold to single-fold thinning, under the mean squared error loss,
in Figure D.3. As in Figure 5.5, we find that multi-fold thinning tends to select the correct

value of K more often than single-fold thinning.
D.6 Details for the real data analysis in Section 5.5
We first explain in detail the preprocessing done to the matrix X in the Seurat tutorial.

(1) Initial data filtering: We initially filter the data such that only cells with between 200
and 2500 total counts remain (with fewer than 5% of the counts coming from from
mitochondrial genes) and only genes that are expressed in at least 200 cells remain.

This reduces the size of X from 2,700 x 32,738 to 2,638 x 13,714
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Binomial PCA

Gamma Clustering — Small

Gamma Clustering — Large
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Figure D.3: The proportion of simulated data sets in which each candidate value of K

is selected, with the mean squared error loss, under data thinning with ¢ = 0.8 (blue)
and multifold thinning with M = 5 (green), for each of the simulation settings described in
Section 5.4.1. The true value of K* is indicated by the vertical black line. Multifold thinning
tends to select the true value of K more often than single-fold thinning.

(2) Log normalization: Next, the data are normalized and log transformed, such that

Yy =1og<

t=1 it

— 20 % 10,000+ 1] .
13714 X )

(3) Feature selection: Following this transformation, the top 2000 highly variable genes

are selected using the function FindVariableFeatures from the Seurat package. The

goal of the function is to find a subset of features with high cell-to-cell variation after

accounting for the inherent mean-variance relationship, as these are most likely to be

interesting in downstream analysis, and it implements methodology from Stuart et al.

[2019].

Centering and scaling: Finally, the columns of the subsetted matrix Y € R2038x2000 gr¢

centered and scaled to obtain the matrix Y.
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After these preprocessing steps, the principal components of Y are computed.

We now explain the preprocessing for X and X® that we use for our data thinning

alternative to the Seurat tutorial. We follow the same four steps as above, but we are careful

to specify what we do on the training set X as opposed to the test set X ).

(1)

(4)

Initial data filtering: We perform the initial data filtering from Step (1) above on X™).
We then subset X to include the same genes and cells as those in X, After this

step, X and X® are both in Z2Z6§>S><13258'

Log normalization: We normalize and log-transform both X™® and X®, such that:

1) (2)
VAR LxlOOOO—l—l A LxlOOOO—l—l
ij — 108 13258 X(l) ) Ly n =108 13258 X(z) ’ :

t=1 it t=1 it

We note that these random variables are still independent and identically distributed

under our Poisson assumption.

Feature selection: We then apply the Seurat function FindVariableFeatures to the
matrix Y () to select the top 2000 highly variable genes [Stuart et al., 2019]. We subset
both Y and Y® to contain only these genes, such that Y (1, Y () ¢ R2638x2000,

Centering and scaling: We center and scale the columns of the subsetted Y to obtain

Y1 We also center and scale the columns of the subsetted Y® to obtain Y®.

After these preprocessing steps, the principal components of YV are computed, and the loss

function is computed using Y'®.

We now explain the identity that makes Figure 5.6(a) and Figure 5.6(b) mathematically

equivalent. In Section 5.5, we defined

~ ~ 2
SSEx(Y) = HY - ULKDLKVEKHF.
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We see that:

~ 2 - -
HY _ ULKDLKVEKHF — V|12 - 2trace (YTULKDLKVEK> + trace (Vi DT U Us, e Dy Vil )

K
~ ~ 112
— ||IV]|2 — trace (D7 Dy.x) = HyHF -3 D2
j=1

2

Thus, if we compute SSEk(Y) for K =1,...,20, since HY” is fixed, we can easily obtain
F

the values of Z]K:1 D?j for K =1,...,20. By taking the differences between these values

for K and K + 1, we obtain Dk for K = 1,...,20. Finally, we note that the standard

deviation of the Kth principal component (Ux D) can be written as

V(DxxUg)T (DgxUx) = ) D

Since the standard deviation of the Kth principal component (plotted in Figure 5.6(a))
can be obtained directly from the sums of squared error plotted in Figure 5.6(b), we say that

the two plots are mathematically equivalent.



