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Abstract: We propose a theoretical study of two realistic estimators of
conditional distribution functions using random forests. The estimation
process uses the bootstrap samples generated from the original dataset
when constructing the forest. Bootstrap samples are reused to define the
first estimator, while the second uses the original sample, once the forest
has been built. We prove that both proposed estimators of the conditional
distribution functions are consistent uniformly a.s. To the best of our knowl-
edge, it is the first proof of a.s. consistency (previous consistency results
are in L2 norm or in probability) and including the bootstrap part. The
consistency result holds for a large class of functions, including additive
models and products. The consistency of conditional quantiles estimators
follows that of distribution functions estimators using standard arguments.

MSC2020 subject classifications: Random forests, consistency, condi-
tional distribution functions, conditional quantiles.

Contents

M

Introduction . . . . . . . . . i i i i i e e e e e e e e e e e e
Breiman’s random forest . . . ... ... ... ... .. ...

Conditional Distribution Forests . ... ... .........
3.1 Bootstrap samples based estimator . . . . .. ... ...
3.2 Original sample based estimator . ............

Consistency results . . . . .. ... ... ... .00,
On variation in Random Forest leaves . . ... ... .....

5.1 Some comments on Assumption 4.2 ... ... ... ..
5.2 Sufficient conditions to control the variation on leaves
Proofs of Theorem 4.2 . . . . . . . . . @ i i i i v v v i v

Conclusion . . . . . . . . ittt i e e
Technical complements . . ... .................

W O =N

12
12

19
23
24


https://imstat.org/journals-and-publications/electronic-journal-of-statistics/
https://doi.org/10.1214/154957804100000000
mailto:edckev@gmail.com
mailto:veronique.maume@univ-lyon1.fr 
https://mathscinet.ams.org/mathscinet/msc/msc2020.html

Elie-Dit-Cosaque, Maume-Deschamps/Consistency of Conditional Distribution Forest 2

Acknowledgments. . . . . . .. ..o oo e e e 30
References . . . . . . . . . 0 i i i i i i i e e e e 30

1. Introduction

Conditional distribution functions and conditional quantiles estimation is an im-
portant task in several domains including environment, insurance or industry. It
is also an important tool for Quantile Oriented Sensitivity Analysis (QOSA), see
e.g., [16, 23, 9, 14]. In order to estimate conditional quantiles, various methods
exist such as kernel based estimation or quantile regression [21] but they present
some limitations. Indeed, the performance of kernel methods strongly depends
on the bandwidth parameter selection and quickly breaks down as the number
of covariates increases. On the other hand, quantile regression as presented in
[21] may not be adapted in a non-gaussian setting since the true conditional
quantile is not necessarily a linear combination of the input variables [24]. To
overcome these issues, we propose to explore the random forest estimation of
conditional quantiles [25].

Random forest algorithms allow a flexible modeling of interactions in high
dimension by building a large number of regression trees and averaging their
predictions. The most famous random forest algorithm is that of [6] whose con-
struction is based on the seminal work of [1, 19, 11]. Breiman’s random forest
estimate is a combination of two essential components: Bagging and Classifi-
cation And Regression Trees (CART)-split criterion [8]. Bagging for bootstrap-
aggregating was proposed by [5] in order to improve the performance of weak
or unstable learners. Two types of randomness are included: a bootstrap sample
is used to construct each tree and at each split step, some input variables are
chosen randomly in {X1,..., X4}

Random forests are also related to some local averaging algorithms such as
nearest neighbors methods [22, 3] or kernel estimators [33]. More precisely,
thanks to [22], the random forest method can be seen as an adaptive neigh-
borhood regression procedure and therefore the prediction (estimation of the
conditional mean) can be formulated as a weighted average of the observed
response variables.

Based on that approach, we develop a Weighted Conditional Empirical Cu-
mulative Distribution Function (W_C_ECDF) approximating the Conditional
Cumulative Distribution Function (C__CDF). Then, a-quantile estimates are ob-
tained by using W__C_ECDF instead of C_CDF. [25] defined a W__C_ECDF
with weights using the original dataset whereas we allow to construct the weights
using the bootstrap samples, as it is done practically in regression random
forests. We prove the almost sure consistency of these two estimators. The main
hypothesis are:

1. the convergence to 0 of the variation of the conditional distribution func-
tion on leaves;

2. a control of the size of the leaves, implying that the trees are not fully
developed.
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In Section 5, we prove that the first hypothesis is satisfied for a large class
of models, including additive models and product functions. Also, this class of
functions is dense in the set of non-negative continuous functions on [0, 1]¢.
Moreover, the first hypothesis is satisfied for some modified version of the
CART algorithm, such as in [25]. The second hypothesis may be seen as a
stopping rule in the algorithm, so that it should be controlled by practitioners.
An implementation of both algorithms is made available within a Julia pack-
age called ConditionalDistributionForest [15] as well as a Python package
named gosa-indices, [13].

The C_CDF can be seen as a regression function. Several authors such as

[7,4, 38,35, 27, 37, 17] have established asymptotic properties of particular vari-
ants and simplifications of the original Breiman’s random forest algorithm. For
instance, in [4], the tree construction is done by choosing at random the split-
ting coordinate and once the latter is selected, the split is at the midpoint of
the chosen side. Facing some theoretical issues with the bootstrap, most stud-
ies replace it by subsampling, assuming that each tree is grown with s, < n
observations randomly chosen without replacement from the original dataset.
Most of the time, in order to ensure the convergence of the simplified model,
the subsampling rate s, /n is assumed to tend to zero at some prescribed rate,
assumption that excludes the bootstrap mode. Besides, consistency is generally
showed by assuming that the number of trees goes to infinity which is not fully
relevant in practice. Under some conditions, [31] showed that if the infinite ran-
dom forest regression estimator is L2 consistent then so does the finite random
forest regression estimator when the number of trees goes to infinity in a con-
trolled way.
Recent attempts to bridge the gap between theory and practice, provide some
results on random forest algorithms at the price of fairly strong conditions.
For example, [35] showed the L2 consistency of random forests in an additive
regression framework by replacing the bootstrap step by subsampling. Their
result rests on a fundamental lemma developed in [34] which reviews theoretical
random forest, the additive assumption being required here. Furthermore, con-
sistency and asymptotic normality of the whole algorithm were recently proved
under strong conditions by [37] replacing bootstrap by subsampling and simpli-
fying the splitting step. One of the strong conditions used in Theorem 3.1. of
[37] is that the individual trees satisfy a condition called honesty. An example
of an honest tree given by the authors is one where the tree is grown using one
subsample, while the predictions at the leaves of the tree are estimated using a
different subsample. Due to this assumption, the authors admit that their theo-
rems are not valid for the practical applications most of the time because almost
all implementations of random forests use the training sample twice. In a recent
work [20], the L? consistency in a regression framework is also obtained for the
expectation over all possible trees of the regression function (infinite forest), the
bootstrap process is not taken into account. The result in [20] holds for a class
of regression functions broader than the additive model. This class of functions
requires some control on the partial derivatives of the model.

Thus, despite an active investigation during the last decade, further consis-
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tency results are still welcome. Our major contribution is the proof of the almost
sure uniform convergence of the estimator W_C_ECDEF both using the boot-
strap samples (Theorem 4.2) or the original one (Theorem 4.3). Remark that
[25] gave a proof of the consistency in probability of the W_C_ECDF for a
simplified model where the weights are considered as constant while they are
indeed random variables heavily data-dependent. We provide an a.s. consistency
proof under realistic assumptions for a method based on bootstrap samples.
This consistency result holds for a large class of functions called #-class which
contains, for instance, additive functions, product functions. Our é-class also
contains some dense class of functions, as does the class considered in [20]. Con-
trary to [20], our result holds for finite random forests and takes the bootstrap
into account, so that it is closer to practical situations. Also, a sub-product of
the consistency proof is an asymptotic proximity result between empirical and
theoretical trees (see Proposition 5.4), which is interesting in itself for further
theoretical studies on random forests.

The paper is organized as follows. Breiman’s random forest algorithm is de-
tailed in Section 2 and notations are stated. The random forest estimations of
C__CDF based both on bootstrap samples and the original dataset are intro-
duced in Section 3 as a natural generalization of regression random forests. The
main consistency results are presented in Section 4 and a deep discussion on
the variation of the conditional distribution function on leaves is proposed in
Section 5. The main proofs are gathered in Section 6 and some of them are
postponed in Appendix A. A short conclusion is given in Section 7.

2. Breiman’s random forest

The aim of this section is to present Breiman’s random forest algorithm as well
as notations used throughout this paper.

Random forest is a generic term to name an aggregation scheme of decision
trees allowing to deal with both supervised classification and regression tasks
and we focus on the latter in this paper.

The general framework is the nonparametric regression estimation where an in-
d

put random vector X € X = H[ui, v;] € R is observed and a response Y € R
i=1

is predicted by estimating the regression function m(x) = E[Y|X = x]. We as-
sume that we are given a training sample D,, = (Xj , Yj)j:1 _,, of independent
random variables distributed as the prototype pair (X,Y) which is a (d+ 1)-
dimensional random vector. The purpose is to use the dataset D,, to construct
an estimator m,, : X — R of the function m.

Random forests proposed by [6] build a predictor consisting of a collection of
k randomized regression trees grown based on the CART algorithm.
The CART-split criterion of [8] is used in the construction of the individual trees
to recursively partition the input space X in a dyadic manner. More precisely,
at each step of the partitioning, a part of the space is divided into two sub-parts
according to the best cut perpendicular to the axes. This best cut is selected in
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each node of the tree by optimizing the CART-split criterion over the d variables,
i.e. minimizing the prediction squared error in the two child nodes. The trees are
then grown recursively until reaching a stopping rule. There are several rules,
but one generally proposed is that the tree construction continues while leaves
contain at least min_samples_leaf elements. This criterion is implemented in
the RandomForestRegressor class of the python package Scikit-Learn [29] or
in the build_forest function of the Julia [2] package DecisionTree.
Building several different trees from a single dataset requires to randomize
the tree building process. [6] proposed to inject some randomness both in the
dataset and in the tree construction. First of all, prior to the construction of
each tree, a resampling step is done by bootstrapping [12] from the original
dataset, that is, by randomly sampling n observations with replacement. Only
these bootstrap observations are taken into account in the tree building. Ac-
cordingly, the min_samples_lea f hyperparameter introduced previously refers,
in the random forest method, to the minimum number of bootstrap observations
(counted with repetitions) contained in each leaf of a tree. Secondly, at each step
of the tree construction, instead of optimizing the CART-split criterion over the
d variables, a number of variables called max_features is selected uniformly at
random among the d variables, the set of selected variables is denoted My, In
what follows, we shall assume that the max_features co-variates are selected
randomly, with positive probability for each co-variate to be selected, which in-
cludes of course the uniform selection. Then, the best split is chosen as the one
d
optimizing the CART-split criterion as follows: for a given node A = I_I[ai7 bi],
i=1
the CART-split is given by maximizing over j € Mgy and 2 € AV = aj,bj]

n

: 1 i
Li(:2) = A)Z(Y — V) yxicay — (2.1)

i=1

n

1 . _ 2
i 2 (V= Taulpge - Vant o) Tocenn
where A, = {x € A,z; < z} (resp. AR) is the left (resp. right) child of A, Y p is
the mean of the Y%’s in the bootstrap sample with X’ € B and N?(B) denotes
the number of elements in the bootstrap sample belonging to B.
Now, for any query point x € X, the ¢-th tree estimates m(x) as follows

mg (X; @faDn) = Z

J€DL(O0)

]l{XjeAn(x;@bDn)}

J
NI x:00,Dn) 22)

where:

e Oy f=1,... k are independent random vectors, distributed as a generic
random vector © = (@1, @2) and independent of D,,. ©! contains indexes
of observations that are used to build each tree, i.e. the bootstrap sample
and ©2 indexes of splitting candidate variables in each node, we assume
that ©2 gives a positive probability to each co-variate,
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. D; (O¢) is the bootstrap sample selected prior to the tree construction,
Ay, (x;00,D,,) is the tree cell (subspace of X') containing x,

. 2 (x;0y¢,D,,) is the number of elements of D} (©,) that fall into

n (X @éa )

The trees are then combined to form the finite forest estimator
1t
My, (x:01,...,0k,Dp) =7 > mb (x;0,,Dp) . (2.3)
k
We may now present the conditional distribution function estimators.

3. Conditional Distribution Forests

We aim to estimate F(y|x) = P(Y < y|X = x). Two estimators may be de-
fined. One uses the bootstrap samples both in the forest construction and in
the estimation. The other uses the original sample in the estimation part. Once
the distribution function has been estimated, the conditional quantiles may be
estimated straightforwardly.

3.1. Bootstrap samples based estimator

First of all, let us define the random variable B; (@%,Dn) as the number of
times that the observation (Xj , Yj) has been drawn from the original dataset
in the bootstrap sample for the ¢-th tree construction. The conditional mean
estimator in Equation (2.3) rewrites as

1 (07, Dn) Lixica, (x:0.,D0)} ;
_ mn Y]
(k; Nb (X @g, )

mzyn (%;01,...,0,D,) =

M= 10

wzyj (X;@l,...,@k,Dn)Yj ,

<.
I
—

where the weights are defined by

b ( o /o) 1 zk: 667 ]l{ngA (%;0¢,Dn)} (3 1)
w, :(x;01,...,0,D - ) )
n.J ! b Tk Nb (x; 04, D,,)
Note that the weights wz’j (x;01,...,0k,D,) are non-negative random vari-
ables as functions of O, ...,0, D, and their sum for j =1,...,n equals 1.

The random forest estimator (3.1) can be seen as a local averaging estimate.
Indeed, as mentioned by [32], the regression trees make an average of the ob-
servations located in a neighborhood of x, this neighborhood being defined as
the leaf of the tree containing x. The forest, which aggregates several trees, also
operates by calculating a weighted average of the observations in a neighbor-
hood of x. However, in the case of forests, this neighborhood results from the
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superposition of the neighborhoods of each tree, and therefore has a more com-
plex shape. Several works have tried to study the random forest algorithm from
this point of view (local averaging estimate) such as [22] who was the first to
point out the connection between the random forest and the adaptive nearest-
neighbors methods, further developed by [3]. Some works such as [33] have also
studied random forests through their link with the kernel methods.
We are interested in the Conditional Cumulative Distribution Function

(C_CDF) of Y given X = x in order to obtain the conditional quantiles. Pairing
the following equality

FyX=x)=P(Y <y|X=x)=E[liye,|X=x] , (3.2)

with the weighted approach described above, we propose to estimate the C_ CDF
as follows

F£7n(y|X:X;@1,...,@k, Zw X @1,...,@]C,Dn)1l{yj<y} . (33)

Hence, given a level a € ]0, 1], the conditional quantile estimator ¢* (Y| X = x)
is defined as follows

*(Y[X=x)=if{Y?’,p=1,....n: F  (Y’|X =x;01,...,0;,D,) > a} .

Let us turn now to the estimator using the original sample.

3.2. Original sample based estimator

Trees are still grown with their respective bootstrap sample D} (©,) ,£ =1,... k.
But instead of considering them in the estimation, we may use the original sam-
ple D,,. Consider the weights

Lixica, (x:0.,0.)}
E n — 4
n] (X O1, 0k, D k NO X Q,,D ) ) (3 )

where N? (x; Oy, D,,) is the number of points of D,, that fall into A,, (x; O, Dy,).
As previously, the weights wy, ; (x;©1,...,0y,Dy) are non-negative random
variables as functions of ©1,..., 0, D,, and their sum over j = 1,...,n equals
1.

It was proposed in [25] to estimate the C_CDF with

FP, (y X =%;01,...,05,Dp) = > wh; (x;01,...,08,Dn) Liyigyy - (3.5)

The conditional quantiles are then estimated by plugging
Fy L (Y| X =x%;01,...,0y,Dy) instead of F'(y| X = x) as before.

A python library named qosa-indices has also been developed to per-
form the numerical estimations of conditional distributions and quantiles for
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both methods. It is available at [13] and uses Scikit-Learn, Numpy, Numba.
Both approaches are also implemented in a Julia package based on the library
DecisionTree and that is available at [15].

It has to be noted that a package called quantregForest has been made
available in R [30] and can be found at [26]. The estimation method currently
implemented in quantregForest is different from the method described in [25].
As a matter of fact, for a new observation x and the ¢-th tree, one element of
D, (Xj Y')Jfl_ _,, falling into in the leaf node 4, (x;0¢,D,,) is chosen at
random. This gives, k: values of Y and allows to estimate the conditional distri-
bution function with the classical Empirical Cumulative Distribution Function
associated with the empirical measure.

4. Consistency results

In this section, we state our main results, which are the uniform a.s. consis-
tency of both estimators F? k. and F of the conditional distribution function.
It constitutes the most 1nterest1ng result of this paper because it handles the
bootstrap component and gives the almost sure uniform convergence. Indeed,
most of the studies [35, 37, 17] replaces the bootstrap by subsampling without
replacement in order to avoid the mathematical difficulties induced by this one
and therefore differs slightly from the procedure used in practice. In [20], the
bootstrap procedure is not analyzed and the L2 consistency is proved for the
expectation over © of the estimator of the regression function, which does not
lead directly to the result for finite forests.

[25] showed the uniform convergence in probability of a simplified version
of the estimator F, . In [25], the weights wy, ; (x;©1,...,0y,Dy) are in fact
considered to be non-random while they are indeed random variables depending
on (0¢),_; 4 and D,,.

Overall,ﬁpyroving the consistency of the forest methods whose construction
depends both on the X7’s and on the Y7’s is a difficult task. This feature makes
the resulting estimate highly data-dependent, and therefore difficult to analyze.
A simplification widely used by most authors from a theoretical point of view
is to work with random forest estimates whose tree shape depends only on X7’s
which [10] called the X-property but the Y7’s are still used to compute the
prediction, either the conditional mean or the conditional distribution function
for example. One of the first results dealing with data-dependent random forest
estimator of the regression function is [35] who showed the L2 consistency in an
additive regression framework by replacing the bootstrap by subsampling. Our
main result is stated in Theorems 4.2 and 4.3 hereafter but we first rewrite it
in a more explicit way in order to emphasize their applicability. We begin by a
description of the class of functions on which our result holds, then we state the
hypothesis and the result.

In what follows, X is a compact hyper-rectangle of R%:
d

X = H[ui,vi], —o00 < u; < v; < oo and we denote by A the set of hyper-
i=1
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d
rectangles in X: A € A writes A = H[ai, b;] with u; < a; < b; < v;. Also, we
i=1
denote by A=/ = H[ak,bk] and A7 = H[ak,bk] for any J C {1,...,d}. Given
kj keJ

x € R4, x77 is the vector of R?~! where the j-th coordinate has been removed
and x” is the vector of R” whose coordinates are x5, 5 €J.

Definition 4.1. Let f : X — R, it does NOT belong to the #-class if there
d

exists a rectangle A = H[aj, bj] C X, with a; < b; such that forallj =1,...,d,
j=1
z— R [f (z,X‘j) ﬂ{xfjeAfj}] is constant on [a;,b;] and f is not constant on

A.

Remark 4.1. From Definition 4.1, if f belongs to the #-class then either for
any rectangle A, there exists j = 1,...,d such that

z— E [f (z, X’j) ﬂ{x—jeA—j}] is not constant on [a;, b;] or if for some rectan-
gle A, z— E [f (z,X_j) ]I{ijEAfj}] is constant for all j = 1,...,d then f is
constant on A.

Let us give some examples of functions of the #-class, the proof is more or
less straightforward, a sketch of proof is given in the Appendix (see Lemma A.3).

Remark 4.2. The #-class contains:
1. additive functions f(x) = Z?Zl fi(z),
2. product functions f(x) = H?Zl fi(x;) provided that for all j = 1,...,d,
E [Hk;ﬁj fk(Xk)]]'{Xke[akybk]}} 70,

3. sums of product functions f(x) = ZHfJI(m]) with T a partition of
I€T jel
{1,...,d} provided that for all j =1,...,d, forT>15> j,

El I AE0Lxeann| #0

kel, k#j
4. sums of product functions f(x) = Z H fjl (xj) with I o family of subsets
IeT jelI
of {1,...,d} provided that the fjl are either all increasing or all decreasing

and they are either all positive or all negative,
5. other functions, such as - for example - in dimension 2 with (X1, X3) ~

U ([0,1?) - f(z,y) =In(z +y).

A particular case of item 4) above is the set of linear combination of Gaussian
radial basis functions on [0, 1]¢, with positive weights:

P d
G = Zai exp[Z(a:j - p,j)QO']Q-], a; >0, 0;>0, y; €R

i=1 j=1
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It is known that the class G is dense in the set of non-negative continuous
functions on [0, 1]¢ (see [28] and also [20] where the class G is also considered).

Assumption 4.1.

e Y=mX)+e¢;

o X =(Xy,...,X4) is a continuous random vector with independent coor-
dinates;

e ¢ and X are independent, € is a continuous, centered random variable with
increasing distribution function, € has light tails i.e. there exists 0 < 6 < 1
such that for any D > 0, P(|e| > D) < CHP.

o X takes its values in X which is assumed to be a compact hyper-rectangle
d

of R¢: X = H[Ui,%‘], —00 < u; < v; < 005
i=1
o for any y, x — F(y|x) is continuous and increasing.
Theorem 4.1. Let Assumption 4.1 be satisfied, with m belonging to the #-class,
assume that for fived § > %, C > 0, each constructed tree is the highest such
that Cy/n(Inn)? < N? (0, D,), let k = O(n®), with a > 0. Then

Vx € &, sup‘an(y\X:x)—F(yD{:X)’ 2%,
yeR ’ n—00

and

Vx € X, sup|F,§7n(y|X:X)—F(y\X:x)| 2% 0.
Remark 4.3. Let us mention that the number NP (©,,D,) of elements from
D} (Oy) in each leaf may be controlled during the construction of the forest. In-
deed, in most of the implementations, it is a parameter that may be chosen by
the user.
The algorithm used to get the highest tree such that Cy/n(lnn)? < N (6,,D,)
is as follows: choose (j,z), with j € My mazimizing L%(j,z) while the num-
ber of elements from D} (O,) in AN{[a;, 2]} and AN {]z,b;]} is greater than
Cy/n(lnn)b.
In section 5, we shall see that with this procedure the height of the trees goes
to infinity with n a.s. (we do not have and do not need further control on the

height).

It will be clear from the discussion of Section 5 that Theorem 4.1 is a direct
consequence of Theorems 4.2 and 4.3 that we now state. Remark that Theorems
4.2 and 4.3 could apply in other contexts than Theorem 4.1, possibly with some
dependencies, the main point being to satisfy Assumption 4.2. For example, for
some adhoc tree constructions, Assumption 4.2 is satisfied without independence
assumption, see Remark 4.4. In [20], some hypothesis weaker than independence
between the X;’s are given but the specific examples provided there are also with
independent X;’s. The following assumptions allow to prove the a.s. consistency
of our estimators in a general framework.
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Assumption 4.2. For all ¢ € [1,k], we assume that the variation of the con-
ditional cumulative distribution function within any cell goes to 0:

Vx € X,Vy € R, sup |F (y|z) — F (y|x)] <3 0.
z€A, (x;0¢,Dy) n—oo

We shall discuss further on Assumption 4.2. In particular in Section 5, we
show that this assumption is verified if Assumption 4.1 is satisfied with m in
the #-class.

Remark 4.4. Let us remark that Assumption 4.2 is satisfied, for example, pro-
vided that the diameter of each tree cell goes to zero and for all y, F(y|-) is
continuous. This is satisfied, for example if the splitting rules in the construc-
tion of the trees imply that each direction j = 1,...,d is chosen with positive
probability at each split and a positive proportion of the sub-sample goes in each
child node (see [25] Assumption 3 and Lemma 2). Imposing that each direction
is chosen with a positive probability at each split seems unrealistic since even
non informative variables will be chosen. This is why we propose an approach
where no additional assumptions on the splitting rules are needed, see Remark
4.8 and Section 5.

Assumption 4.3. We shall make the following assumptions on k (number of
trees) and N? (x;©,D,,) (number of bootstrap observations in a leaf node):

1. k=0 (n"), with a > 0.

2.VxeX, N!(x;0,D,)=0Q <\/ﬁ(ln (n))ﬁ> , with ' 8> 1, a.s.

or

3. ¥xeX, E[N!(x;0,D,)] =0 (ﬁ(ln (n))ﬂ) , with 8> 1, and

1
’v/2> , with 2 4 > 1.

n(at1)/2 (In (n))

Remark 4.5. In order to prove our main consistency result, either Assump-
tion 4.3 item 2. or item 3. is needed. Item 2. may seem much stronger than
item 8. but it has to be noted that the number of bootstrap observations in a tree
leaf is a construction parameter of the forest, so that it can be controlled. Using
item 2. simplifies the proof but item 3. is sufficient.

Vx € X, CV(Nt(x;0,D,)) =0 (

Assumption 4.4. For every x € X, the conditional cumulative distribution
function y — F (y| X = x) is continuous and increasing.

The two theorems below give the uniform a.s. consistency of our two estima-
tors.

Theorem 4.2. Consider a random forest which satisfies Assumptions 4.2 to 4.4.
Then,

n—oo

Vx € X, sup|F£7n(y|X:x)—F(y\X:x)| 2500,
yeR

f(n)=Q(g(n) < 3k>0,3n0>0|Yn=no [f(n)]=k-|g(n)
*CV (X) = ox/E[X]
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Theorem 4.3. Consider a random forest which satisfies Assumptions 4.2 to 4.4.
Then,
Vx € X, sup|Fg, (yX=x)-F(yX=x)] =3 0.
yER n—oo
Remark 4.6. Using standard arguments, the consistency of quantile estimates
stems from Assumption 4.4 as well as the uniform convergence of the conditional
distribution function estimators obtained above.

Let us mention that Assumption 4.3 allows to control the estimation error
of our estimators and expresses that cells should contain a sufficiently large
number of points so that averaging among the observations is effective.

Finally, Assumption 4.4 is used to get uniform convergence of the estimators.

Section 5 is devoted to comments on Assumption 4.2 and to prove that As-
sumption 4.1 together with a control on the leave size is sufficient to have As-
sumption 4.2 for functions of the #-class.

5. On variation in Random Forest leaves

This section is devoted to some further analysis on the variation of F(y|-) on
leaves, as formalized in Assumption 4.2.

5.1. Some comments on Assumption 4.2

Assumption 4.2 ensures a control on the approximation error of the estimators.
It is drawn from Proposition 2 of [35] which shows the consistency of Breiman’s
random forest estimate in an additive regression framework. Their Proposition
2 allows to manage the approximation error of the estimator by showing that
the variation of the regression function m within a cell of a random empirical
tree is small provided n is large enough. This result is based on Lemma 1 of
[35] which states that the variation of the regression function m within a cell
of a random theoretical tree goes to zero for an additive regression model. A
random theoretical tree is grown following the same rules as a random empirical
tree, except that the theoretical equivalent of the empirical CART-split criterion
(2.1) on a node A below is used to choose the best split

L% (i,2z) =Var (Y| X € A) (5.1)
—P(X;<z|XeA)Var (V| X; <z, Xe€A
—P(X;2z2XeA)Var (Y| X; 2 2,XcA) .

Hence, a theoretical tree is obtained thanks to the best consecutive cuts (i*, 2*),
among i € Mtryv z € A® optimizing the previous criterion L*(-,-). Remark that
My is selected with respect to ©2; as for the empirical forest.

General results on standard partitioning estimators whose construction is
independent of the label in the training set (see Chapter 4 in [18] or Chapter
6 in [10]) state that a sufficient condition to prove the consistency is that the
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diameter of the cells tend to zero as n — oo. Instead of such a geometrical
assumption, Proposition 2 in [35] ensures that the variation of m inside a node
is small thanks to their Lemma 1. But the cornerstone of the Lemma 1 is the
Technical Lemma 1 of [34] recalled below for completeness.

Lemma (Technical). Assume that:

« Y = m(X) +e withm(X) = S omy (X)), X ~ u([o,ud) and & ~

i=1
N(0,0?),
. L’A(Z,Z):O Vizl,...,d,v,ze[ai,bi] (O<Gi<bi<1),

then the regression function m is constant on A.

This lemma states that if the theoretical split criterion is zero for all cuts in a
node, then the regression function m is constant on this node, i.e. the variation
of m on the cell is zero. But, examples for which L% (i,2) =0 Vi,Vz € [a;, b;]
and the regression function is not constant can be easily constructed. Let us
consider a two-dimensional example, let A = Ay x Ay = [a1,b1] X [az, by] and
suppose that the response Y is

Y:X1X2+61X1 +CQX2+E :Zm(Xl,X2>+E, (52)
with

o X = (X1, X5) independent random inputs,
E [XQ]I{XZEAz}] and ¢y = _E [Xl]l{XleAl}]

P (X, € Ay) P(X;e€Ay) '
e and ¢ a centered noise independent of X.

e ¢ = —

It can be shown for this model that within the node A, L* = 0 for all ¢ € {1, 2},
for all z € [a;, b;] and yet the regression function m is not constant.

Accordingly, the technical lemma above is well-designed for an additive regres-
sion framework. But this context is far from reality for many concrete examples.

5.2. Sufficient conditions to control the variation on leaves

Our purpose is now to prove that Assumption 4.1 with a control on the size
of the leaves and a regression function in the #-class is sufficient to ensure As-
sumption 4.2 which controls the variation of F'(y|-) on leaves. An interesting
sub-product of this study is Proposition 5.4 which shows the asymptotic prox-
imity of empirical and theoretical trees.
In what follows, C' denotes any positive constant so that we may write C +C =
C, uC =C, withu >0, ....

We are interested in F'(y|-), remark that F(y|-) is constant on A if and only
if m(-) is constant on A. Indeed,

Fylx) =P(Y <y[X =x) =P(e <y —m(x)) = Fe(y — m(x)) .
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We shall use theoretical trees construction as in [35], the theoretical CART-split
is done by maximizing L% (i, z) defined in (5.1). If L* admits several maxima,
then one is chosen uniformly at random.

Let us denote by A, (O, D,) any leaf in an empirical tree, and N? (6, D,,)
be the number of elements of D} (O,) that fall into A, (O, D,,). We have the
following result.

Theorem 5.1. Let Y satisfy Assumption 4.1, with m belonging to the #-class,
let 8 > g, C > 0, let the constructed trees be the highest such that Cy/n(Inn)? <
N! (©y,D,), then Assumption 4.2 is verified.

Note that for additive m it is proven in [35] that the variation of m on

leaves goes to zero in probability, with an assumption on the height of trees. We
extend this result to the #-class and obtain an a.s. convergence. The control on
the height of trees is replaced by a control on the size of leaves. The strategy
of proof is partially inspired by [34] and [35]. The following lemma proves that
the variation of F(y|-) on leaves of theoretical trees goes to 0 a.s. as the height
of the trees goes to infinity.
Lemma 5.2. Assume that Assumption 4.1 is satisfied with the regression func-
tion m in the #-class, let S = (s;,j =1,...) with s; € {L, R}, it describes an
infinite path in a binary tree, let S" = (sj,j =1,...,h), it describes a path in
a binary tree of height h. Let A, (S",©) be the corresponding leaf in a theoret-
ical tree. Then the variation of F(y|-) on An(S",©) goes to 0 a.s. as h goes to
infinity.

Proof. Since x — F(y|x) is assumed to be continuous, then the result holds

if the diameter of A,(S",0) goes to zero. Let A, (S<,0) = ﬂ Ap(S",0),
h>1

it is a decreasing intersection of rectangles, if its diameter is non zero then it

writes: for a non empty subset J C {1,...,d}, let J¢ be its complementary,

(:Ej,j S Jc,aj,j c J), (CEj,j S Jc,bj,j c J) cX

A (8%,0) = {z;,5 € J} x [[laj.b;] = {z;,5 € J} x A’, with a; < b;.
JjeJ
Remark that for any rectangle A = Hz:l[ak, Bkl
L*(i,2) = P(X;<zXeA(E[Y]|X; <zXecA-E[Y|XeA)?
+ P(X;>2XeA)[E[Y]|X;>2XecA-E[Y|X e A])?
can be seen as a continuous function of (ay, Bk)k:h“’d ,1, 2.
For j € J, L:‘m(sx o) (4, z) rewrites
Ly (5,0 2)
= P(X;<zX’ €d))(E]Y|X; <2X €A -E[Y|X € 47])°
+P(X; 22X € A7) (B[Y]X; > 2, X € A7] —~E[Y| X’ € 47])°.
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Also, for j € J¢, L;m(sx)(j,z) =0.

. d )
Write Ah(S}H(:)) = szl[a?,bg], then .for j € J,al = a; and b — b; as
h — 00, also Ly gy (J,2) = Ly (s0y(J: 2)-
Let (j*,2%) € argmax L% (gw)(f,2), if j* € J then L go)(j*,2%) = 0
and thus Lzm(sx)(j,z) = 0 for any j,z. Assume j* € J and consider a sub-
sequence (hy)pen such that j* € Myyry at each level hy, it exists a.s. because
© gives a positive probability to each j € {1,...,d} of belonging to Mtry
at each level. Then, consider (j7,2P) € argmax Ly, (Shp)(j7z) and (j*°,2>)

P

any limit point of the sequence (j7,2P), which means that for a subsequence
pg — 00, (§Pe,2P1) — (j°°,2%°), thus for ¢ large enough, jP+ = j. It eas-
ily follows that L} (ge(j*,2%) < sz(sw)(joo,z‘”) and thus (j°°,2%°) €
argmax quw(sm)(j,z). Now, if j> € J, each z" is either a?h or b?h; 2% is
either aj= or bj~. So that either {X;~ < 2z, X7 € A7} = {X/ € A7} and
{Xje > 2, X7 € A7} =0 or {Xjo < 2,X7 € A7} =0 and {X;~ > 2,X’ €
ATy ={X7 € A7}, thus

quoo(soo)(joovzoo)
— P(Xj~ <2/X’ € A7) (B[V]|X;~ < 2,X’ € A)] —E[Y| X/ € 47])"
+P(Xje 22| X7 € A) (E[Y] Xjo > 2, X7 € A7] —E[V|X7 € A7])
-0

If j~ € J¢, then Lzm(sm)(j"o,zoo) = 0. Finally, since L;‘m(sm)(j,z) <
sz(sw)(j‘x’,zoo) = 0, we conclude that lew(Sw)(j’ z) = 0 for all (j,2). This
is equivalent to: for all i = 1,...,d, z € [a;, b;],

E[Y|X; <2,X € Ax] —E[Y|X € A ] =0
P(X € A )E [Ylx, <., xea}] =P(Xi < 2,X € AQ)E [Y1ixea_y] -

By derivating with respect to z, we may see that it is equivalent to z —
E {m (z,X‘i) ]l{x,ieAgoi}] is constant for all 4+ = 1,...,d. Since we assumed

that m belongs to the #-class, either m is constant on Ao, (S*°) or the diameter
of Au(S>) is zero. In both cases, the variation of F(y|-) on A,(S", ©) goes to
0 as h goes to infinity. O

We now show that empirical and theoretical trees are close. The main tool
for this step is the following result which has an intrinsic interest since it proves
that the theoretical and empirical cost functions used for the tree constructions
are uniformly close, provided that the leave sizes are not too small. Recall that
L7 (7, 2) is the empirical cost on the rectangle A on direction j and at level z.

Proposition 5.3. Let Assumption 4.1 be satisfied. Let § > g, let A be a rectan-
gle in X, we shall say that (A, j,z) € A™ if the numbers Ngy NzR of elements
of D}, belonging to A, == AN{x; <z} and Ag := AN{z; > z} are greater
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than C+/n(Inn)?. We have

sup  |L4(j,2) — L@, 2)| L5 0 as n — .
(A,j,z)eA™

Proof. Let (A, j,z) € A™ be fixed. Rewrite the difference |L*% (j,2) — L" (4, 2)| =

T, = Trai+Tre2
NiL (e o2 2
— 4 ((YA—YAL) —(IE[Y|X6A]—IE[Y|X6AL])>
NA
2 [ Na
+E[Y|X €A -E[Y|X € AL]) Ng—P(XeAﬂXeA) .

The term Tg is defined in the same way by using Ag instead of Ay. In order
to prove the proposition, we shall prove that sup, ; . 77,1 and supy ; . Tr,2 g0
to 0 a.s. The same holds in the same way for T, and Tk 2. Using Vapnik-
Chervonenkis theory on rectangles in A (see Lemma A.1 in Appendix A) we

have: .
N
TB ~-P(X € B)’ > n) < 16(n + 1)2denn"/128, (5.3)

P (sup
BeA

17, 2 decomposes into:

TLal < (B(Y|XeA)—E(Y|XeAL)

n | N4 1 n
DA px - "lpx
<\ [T T BX e +‘IP’(X€A) g | EX € Ar)
Remark that for B € A, if
Nb C (Inn)?
—= —P(XeB)<— A4
n "PXe )’2 N (64)

and Nj > Cy/n(lnn)?, then P(X € B) > §12° So that, for (4,],2) € A™,
we have, provided that (5.4) holds for A,

1
EY|XeAd) = P(X € 4) [E(YV 1 xecayliy<p}) + EVIixca}liy>py})]
P(Y > D)a
P(X € A=+
the second term is obtained using Holder inequality

< D+E(YP)»

(Inn)? + Celln™ nz0-2)
o ne
nn e (lnn)ﬂ(k%)

IN

< C(lan)7,
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by taking D = (Inn)Y, v > 1, p,q,r > 0 with % + % + % = 1. Now, Equation
(5.3) gives that (5.4) is satisfied for A and A with probability greater than

(In

n)28
1 —16(n+ 1)%%e=¢ s and the condition on Ny, for (A,j,z) € A™ gives
that

2 (In n)20 (In n) =47
—Crk 128

P(Tpo > k) < 16(n + 1)*%e —ott C(n+1)%

Then, Borel-Cantelli Lemma gives that SUP(4,j,2)eAn 11,2 goes to 0 a.s. provided
that 26 — 4y > 1.

The term 77, 1 is treated in the same way, instead of using (5.3), we use Lemma
A.2 in Appendix A to get that for any D > 0, for any k > 0, A € A and

1,1
lylo
1 n
Pl |- Y xx —E(Y1
( - ;:1 T lixreay —E(Y1ixeay)| > fi)
2d 1 1
< 6 (242D In (48:D)> e—nmz/(128D2) + CE(YP)P]P)‘ELY > D)q ’(55)

where the (X7,Y;*)’s form a bootstrap sample from (X;,Y7),...,(X,,Y,) and
we take D = (Inn)7 as before. O

The last stone for the proof of Theorem 5.1 is to prove that at each level h,
each node of the empirical tree A™(.S) is close to a level h node of a theoretical
tree.

Proposition 5.4. Let Assumption J.1 be satisfied. Assume that for [ > %,
Nt (©4,D,) > Cy/n(lnn)?. Forh € N, let S € {L, R} describe a path of length
h in a binary tree, let A™(S) and A(S) be corresponding nodes in empirical and

theoretical trees. Denote

d d
=Ha], i| and A™( :Ha],b;l

Denote Ty, the set of theoretical trees of height h, then

1%fjlrllaxdmax (laj — af|, b —b;-l\) — 0 a.s. as n — o0 (5.6)

Remark 5.1. Proposition 5.4 implies that for any h € N fized, for any empirical
tree with node sizes greater than C/n(lnn)?, we may find a theoretical one as
close as we wish, until height h. This is an a.s. and more precise version of
Lemma 3 in [35].

Proof. We proceed by induction on h. If h = 0 then A(S) = A™(S) = X and the
assertion holds. Let us assume that the result holds for » € N, let S” € {L, R}"*!
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describe a path of length h + 1 in a binary tree, S’ = (S,u) with S € {L, R}"
and u € {L, R}. Let (j",2") € argmax L7, g)(j, 2), then

A™M(S)y = AM(S)N{xjn < 2"} or A™(S') = A™(S)N{xjn > 2"}

d
Let us denote A"(S) = H[a%b?]. Our hypothesis on the construction of
j=1
the empirical tree implies that for all n € N, (A™(S), ", 2") € A™ so that by
Proposition 5.3:

|Ln(5) (3" 2") = Lin(s)(J":2")] — 0 a.s.as n — oo . (5.7)

The induction hypothesis implies that, taking if necessary a subsequence,
d

we may find A(S) = H[aj’bj] a node in a theoretical tree at height h such
j=1

that |a} — a;| — 0 and [b] — b;| — 0 as. Let (j°,2°°) be any limit point

of (j,2"), the continuity of L* as a function of (a;,b;,7,2) and (5.7), lead

to [L7n g (1", 2") = L5 (7, 2°)| — 0, a.s. as n goes to infinity, taking if

needed a subsequence.

Let us consider any (7, z), if (A™(S),j,2) &€ A™ for n large enough, then

LQ(S) (j,z) = 0 because, in that case, either:

P(X; <2z X e A(S)) =0and P(X,; > 2,X € A(S)) =P(X € A(S)) or

P(X; > 2,X € A(S)) = 0 and P(X; < 2, X € A(S)) = P(X € A(S)) (using

(5.3)).

Otherwise, (A", j,z) € A™ for infinitely many n and using again Proposi-

tion 5.3, we have LI*L‘(S)(jOO,zOO) > LJ*L‘(S)(j,z). We conclude that (5°°,2%°) €

argmax LQ(S)(j, z) and thus

AS)N{2?” <2} and A(S) N {z?” > 2>}

are level h + 1 nodes of a theoretical tree. In other words, z™ and z°° are
respectively new end points of A™(S”"), A(S’) and since z*° is a limit point of
(2™)nen, this concludes the induction step and the proof. O

End of proof of Theorem 5.1. In order to conclude the proof of Theorem 5.1,
we need to prove that the variation of F(y|-) on any leaf in an empirical tree
goes to 0 a.s.

Consider h € N, a leaf is described by a finite sequence S € {L, R}" of some
S> € {L,R}N. If A"(S) is a node of the empirical tree, it means that the
number of elements from D} in A™(S9) is greater than Cy/n(lnn)?.

Let (j™,2") € argmax LG(s)(j,z). On one side, if (A"(S),jm,2") ¢ A™ for
infinitely many n, let A(S) be a node in a theoretical tree, given by Proposition
5.4. As in the proof of Proposition 5.4, we have that LZ(S) (4,2) =0 forall (4, 2),
since m belongs to the #-class, this implies that the variation of F'(y|-) on A(S)
is zero. Using again Proposition 5.4, we conclude that for any x > 0, for n large
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enough, the variation of F'(y|-) on A™(S) is less than x. In this case, A™(S) is a
leaf of the empirical tree (since the condition on the number of elements in the
child nodes is not satisfied).

Otherwise, (A™(S5),j", z") € A™ for n large enough, which means that the
construction of the empirical tree continues.

By induction on h, we get that if A™(S) is a leaf in an empirical tree, with
|S| = hy, then either the variation of F(y|-) on A™(S) goes to 0 or h, goes to
infinity. Consider the second case. Fix x > 0 and using Lemma 5.2, choose h so
that for |S| = h the variation of F(y|-) on a node A(S) in an empirical tree is
less than k. Choose n so that if |z — 2’| < n then |F(y|z) — F(y|z")| < k. Using
Proposition 5.4, choose n such that for any z € A™(S) there is 2’ € A(S) with
|z — 2’| < n. Then, the variation of F'(y|-) on A, (S) is less than 3x. O

To conclude this section, let us say that Theorem 5.1 gives simple and realistic
conditions under which the hypothesis of Theorems 4.2 and 4.3 are verified.

The next section is devoted to the proof of Theorem 4.2. The proof of Theo-
rem 4.3 is similar and left to the reader.

6. Proofs of Theorem 4.2

The proofs of Theorems 4.2 and 4.3 are close. We only provide that of Theo-
rem 4.2 below.

The main ingredient of the proof is to use a second sample D in order to
deal with the data-dependent aspect. Thus, we first define a dummy estimator
based on two samples D,, and D5, which will be used below. The trees are grown
using D,,, but we consider another sample D¢ (independent of D,, and ©) which
is used to define a dummy estimator

Flj,n (y|X = X;®17"'a@k7D27Dn)
- 6.1
:Z X @1,...,@k,X<>1,...,X<>n,Dn) ]].{yojgy} s ( )

where the weights are for j =1,... n,

k
1 Lixciea, (x;0.,D,)}
° (x:01,...,05, X0 . X" D) = — ! X
wn,j (X, 1, 9 ks k-z X @e’xol . .,Xon,Dn,) ’

with Ny (x; O, X0, ..., X0, Dn), the number of elements of D, that fall into
A, (x;04,D,,). Throughout this section, we shall use the convention % =0
in case NV} (x; O, XL .. 7)(<>”,2)n) = 0 and thus I xeica,(x:0,D,)} = 0 for
ji=1...n

The weights wy, ; (x; O1,...,0,, XL . Xon, Dn) are nonnegative random vari-

ables, as function of O1,...,0;, X%, ..., X°" D,. To lighten the notation in

the sequel, we will simply write FY, (y| X =x) = > wf (x) L{yeig,; instead
j=1

of (6.1).
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Let x € X and y € R, we have

[FY, (Y X =%x)-F(y|X=x)| < |[F,(y|X=x)-F(yX=x)
HFE, (Y X =x) - F, (y| X =x)]| .

The convergence of the two right-hand terms is handled separately into the
following Proposition 6.1 and Lemma 6.2.

Proposition 6.1. Consider a random forest which satisfies Assumptions 4.2
and 4.3. Then,

vxe X, Wy eR, Fp,(y|X=x) “j> F(yX=x) .

Hence, Proposition 6.1 establishes the consistency for a random forest esti-
mator based on a second sample D¢ independent of D,, and ©. [37] proved that
estimators built from honest forests are asymptotically Gaussian. Remark that
in [37], it is also required to control the proportion of chosen observations at
each split and in each direction. In our case, going through a kind of honest
trees is just a theoretical tool. We go one step further with the following lemma
by showing that the estimators built with D}, and Dy, are close.

Lemma 6.2. Consider a random forest which satisfies Assumption 4.3. Then,

VxeX Wy eR, |FY, (yX=x) - F, (yX=x)] =5 0.

n—oo

Hence, according to Proposition 6.1 and Lemma 6.2, we get
Vx e X, Wy eR, FY, (yX=x) “j> F(yX=x) . (6.2)

Now, thanks to Dini’s second theorem, let us sketch how to obtain the almost
sure uniform convergence relative to y of the estimator.

Note that {Yj < y} = {Uj < Fyjx=x (y)} under Assumption 4.4 with U; =
Fyx—x (Yj) ,7 =1,...,n which are i.i.d random variables. Then, (6.2) is equiv-

alent to
n

b a.s,
Vx e X,Vs € [0,1], lej (%) Ly, <) AL
=
As in the proof of Glivenko—Cantelli’s Theorem, using

n

that s — Z1 wé? (%) Ly, (w)<s) 1s increasing and Dini’s second theorem, we get
]:

the uniform convergence almost everywhere, which concludes the proof of the

theorem. O

We now turn to the proof of Proposition 6.1 while that of Lemma 6.2 is

postponed to the Appendix. To that aim, the following lemma, based on Vapnik-

Chervonenkis classes [36] is a key tool. The proof is postponed to the Appendix.

Lemma 6.3. Consider D,, and D5, two independent datasets of independent n
samples of (X,Y). Build a tree using D,, with bootstrap and bagging procedure
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driven by ©. As before, N° (A, (©)) = N (x;0,D,,) is the number of bootstrap
observations of Dy, that fall into in A, (©) = A, (x;0,D,,) and N° (4, (0)) =
Ny (X; 0,Xel .. Xon, Dn), the number of observations of D, that fall into in
Ay (©). Then,

Ve >0, P(|N"(A,(0)) — N° (4, (0))] > ¢) < 24(n + 1)< /2850

Lemma 6.3 is the main ingredient of the proof of Proposition 6.1.

Proof of Proposition 6.1.
We aim to prove

vxe X, VyeR, P(F,(yX=x) — F(y|X=x))=1,

n—oo

Let x € X and y € R, we have

n

’Flj,n (y|X) - F(y|x)| < Zw;} (X) (]l{yojgy} - F (y|X0j))

j=1

n

+ D ws (x) (F (y| X)) - F (y]x))

=1

Define

n n

W, = Zw; (x) (]l{yojgy} -F (y|X0j)) = Zw;> (x) Z37

j=1 j=1

with Z9 = Tyeicyy — F (y[X%9), n iid random variables and

Vo= wy (%) (F (41 X%) = F (y%)) -

Jj=1

Remark that E [ Z9| X*/] = 0.

We first show that (VVn)n>1 goes to 0 a.s. in the case of Assumption 4.3 item
2. This is achieved by adapting Hoeffding inequality’s proof to our random
weighted sum context. For any € > 0, t € R}, we have

P(W, >¢e) <E[e™"] e

We shall make use of the folklore lemma below.

Lemma. Let X be a centred random variable, a.s. bounded by 1. Then, for any
+2
teR, E[eX] <e7.
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Let ¢ > 0, we have

E [6th} - E H etw;?(x)zj
j=1
[ n
= E Hetwj(X)Zj DTL7@17"'7
L J=1
Conditionally to D,,,01,...,0,, X ...,

O, X ..., X"

X", the w} are constant and the Z7

are centred, independent and bounded by 1. Thus, using the folklore lemma,

ﬁ |: tw x)Z;>

E [e/""] E

s

3

< E

H 211)<>(x) /2

Let K > 0 be such that for all £ = 1,...,
Ky/n(In(n )) a.s. by using Assumption 4.3 item
{Ng(An(é)) M} Remark that

I(6) c {!Nii(An(f)) = Ny (An(0))| >

we have that P ([(£)) < 24 (n + 1)*" exp [—
We have

1152

e -2 (e
<
So that, .
f[letz’“’? M2 < exp |12/ (Kv/n (m(n))”)
< exp :tz/(K\/ﬁ(ln(n))ﬁ):
< exp :t2/(K\/?L(ln(n))5):

X (1 + 24k (n+1)* exp [

ol
7®k)X AR

| K/n (In(n))”
2

K*(In(n))*”

X<>'n,

2. Denote I'(¢) the event

}.

B

Thus, using Lemma 6.3,

(Liroyey + ﬂ{F(@)}))

k
1
wj (x )<K\f )P E;ﬂ{xwm }ﬂ{rm}) :

: x E [exp (t; ' ]l{Uif—lF(@})]

k
x (1 +ef’/? Z]P’(I‘(Z)))
=1

)

2

2 K (In(n)*
2

1152
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: 2 _ K*(In(n))*?
Takmg tc = - — leads to

B 3
PV, > ) < (14 24k (n+ 1)) exp [K ;;2% _ ek (ntn)

The same upper bound is obtained for P (W,, < —¢) by using that
P(W, < —¢) =P(-W, >¢).

Thus, by using Assumption 4.3, item 1., k = O(n®) so that the right hand
side is summable, we conclude that W,, goes to 0 almost surely.

In the case where Assumption 4.3 item 3 is satisfied, the proof that (VV,L)7121
goes to 0 a.s. is done in a similar spirit, the sketch of proof under Assumption 4.3
item 3, is proposed in the Appendix.

Finally, we show that (Vn)n>1 goes to 0 a.s. which easily follows from As-
sumption 4.2. This allows us to conclude that

vxe X, Vy eR, F, (y|X=x) “j> F(y|X=x) .

O

Thus, we have proved Theorem 4.2, the proof of Theorem 4.3 which is a bit
simpler is left to the reader.

7. Conclusion

This article proposes two conditional distribution functions and conditional
quantiles approximations based on random forests. The former is a natural gen-
eralisation of the random forest estimator of the regression function making use
of the bootstrap samples, while the latter is based on a variant using only the
original dataset.

The consistency of the bootstrap samples based estimator is shown under
realistic assumptions and constitutes the major contribution of this paper. In-
deed, this is the first consistency result handling the bootstrap component in
a random forest method whereas it is usually replaced by subsampling. As for
the second estimator, the consistency proof established in [25] for a simplified
random forest model is extended to a realistic one by taking into account all the
randomness used in the procedure. The two estimators have close performances
on our toy example. A specific interest of the bootsrap estimation is that the
Out-Of-Bag samples could be used for cross-validation and / or back-testing
procedures.

The estimators developed in this paper rest on trees grown with the CART-
split criterion. But the assumptions providing the consistency results are de-
tached from the split procedure used. Thus, the theoretical tools developed
here could be useful for a large class of methods by just changing the splitting
scheme. An ambitious additional work would be to develop a theoretical analysis
for obtaining convergence rates and also to construct confidence intervals.
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Appendix A: Technical complements

We provide some technical Lemmas used in Section 5 and Section 6.

Lemma A.1. Let A be the class of rectangles in R?, let k > 0, for any n,

Np
P (sup
BeA| T

b

-P(X e B)‘ ) < 16(n + 1)2d€—m?/128 )

Proof. Denote by Np the number of elements of the original sample D,, that
are in B. We have:

Nb
]P’(sup B—IP’(XeB)‘>/<c>
BeA| N
N Nt N
< P(sup BIP’(XEB)‘>/<;/2)+]P’<Sup =5 _ B n/?)
BeA| T BeA| N n
<

P(sup NBIP’(XEB)‘ >/<;/2)
BeA| N

o2 ).

where X* is a bootstrap sample, whose distribution conditionally to D,, is
uniform on {X1, ..., X"}. We apply Vapnik-Chervonenkis ([36]) inegality condi-
tionally to D, to get that the second term is bounded above by 8(n + 1)2‘16’”"‘2/128
and Vapnik-Chervonenkis inegality to get that the first term admits the same
above bound. O

Lemma A.2. Let (X},Y) be a bootstrap sample from (X1,Y1),..., (X, Yy).
For any D > 0, for any k >0, A€ A and %+% = 1. Assume that E(|Y|P) < oo
1

then
n
n =

> Vi lixreay — E(Yiixeay)| >
2d 1 1
< 6 (246D In <486D)> ef’rm2/(128D2) " CE(Yp)p]P(Y > D)q .

=1
K K K

Zn{XHGB} P(X* € B|D,)| > r/2

Proof. Let Z = min(Y, D), Z; = min(Y;, D), ZF = min(Y;*, D). Write:
1= s
-~ > Yilixieay — E(Ylixeay)
i=1
1 n
ﬁ Z: ]l{X*eA}

1.,
-~ > ZHixieay — E(Zl(xeay)|-

=1

< E((Y = 2)lixeay) +
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The probability that the s of the first two terms is greater than x is bounded

above by C w The probability that the last term is greater than
k is bounded by follovvmg the proof of Theorem 9.6 in [18] page 155, once
conditionally to D,, to take into account the bootstrap sample and then uncon-
ditionally. O

Let us now turn to the proof of Lemma 6.2 which shows that the dummy
estimator F; ,jn is close to the interesting one F| ,i’,n.

Proof of Lemma 6.2.
Let x € X and y € R, recall that B; (6},D,) has been defined in Section
3.1. We have

!szn y|X=X)—sz,n(y|X=X)|

_ Z Lixoica, (x0,,0.)} L{vei<y)
k 2 N3 (x:0, X7, X, D)

n

Z B, @evp Lixiea, (x:00,00)) L{vicy)
Nfi (X§ 647 Dn)

j=1

B, (6},D,
1 #{]<J°/X°(3)6A (@z)} j%;s j( e )
5

p N¢ (An (©)) - ONP(4,(80) ||

withS = {j < J / XU) € A, (©,)}, where we denote A, (0,) = A, (x ©¢, D),
N° (A, (80)) = Ng (x;0¢,X°,..., X" D,,) and N° (4,, (0y)) = N (x; 04, D,,).
J, J¢ are such that Y°U°) <y < YU+ and YV L y < Y+ ), with Y W)
(resp. Y9)) the order statistics of (Y°!,...,Y°") (resp. (Y!,...,Y"™)) and the
X°W) (resp. X)) the corresponding X°P’s (resp. XP’s).

Let us consider for some ¢ € [[1, k],

o - #iST/X0ea©n) 2 (0, 2n)
- N° (A, (0,)) NP (A, (©0))
def Njo (An (©r)) Ny (An(©0))

N°¢ (A, (©) NP (A, (Or))
We have,
|N® (A, (©r)) — N° (A, (©0))] . |NS (A ( ) — Ny (A, (0))]
Gl < NP (4, (90) N (4, 00)
=Gy + G

We continue the proof below in the case where Assumption 4.3 item 3. is
satisfied. The case where item 2. is verified is done easier following the same
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lines. Let € > 0. We are now going to show the almost everywhere convergence
to 0 for each term G; and Gs. Let us start with G7.

5 (\No (A, (O )—Nb)(An (©0))] . 6)

=P (|N®(An (82)) = N* (A, (60))] > eN® (A, (62)) , N* (4, (O0)) > X)

+ P (|N® (A, (Br)) — N (A (O0))] > eN® (A4, (8r)), N* (4, (Or)) < A)
where \ = LE [Nb (;1" (9))]

<P (|N°(An (©0)) = N (A, (00))] > eX) + P (N® (4, (00) < A) .
Thanks to Bienaymé-Tchebychev’s inequality,

4Var (N® (4, (©y)))
(E[N? (A, (00))))*
<4(CV (N (4, (0))" . (A1)

P (N (A, (00)) < ) <

Now, using Lemma 6.3 and Assumption 4.3, we get

P (G| > ) < P (IN° (4, (80) — N (A, (€0))] > £A) +4 (CV (N’ (4, (8))))”

2K (In (n)¥ 4M>
1152 notl (In(n))”

< 24(n+ 1)* exp [ +

Then, thanks to Borel-Cantelli Lemma,
Ve>0, P <limsup{G1| > 5}) =0,
n—oo

which implies G n%; 0.

The G term is treated by using again the Vapnik-Chervonenkis theory. By
considering the class B = {ﬁ [a;, b;] X ]—00,y] : a;,b; € R}, it gives (following
the lines of proof of Lemmali.l)

P (|G2| > &) SP(INS: (An (80) = Ny (A (B0))] > €X) +4(CV (N (4, (6))))*

£2K2 (In (n))** 4M?
1152 notl (In(n))” -

< 24(n+1)*%exp [ +

Thanks to Borel-Cantelli Lemma, we get

Ve >0, P <limsup{G2| > 5}) =0,

n—oo
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which implies that Gy <5 0.

n—oo

We conclude that G goes to 0 for all ¢, thus,

VxeX VYR, |FY, (4| X=x)—F, (y X =x)] =5 0.

n—roo

In the case where Assumption 4.3 item 2. is verified, it exists K > 0 such
that
N® (4, (©)) = Kv/n(In(n))” a.s.

So that P(|G1| > ¢) and P(|Gz| > €) are bounded above respectively by
o P(|N" (4, (80)) = N° (4, (60)] > ek v/ (In (n))”),
» and P (IN5. (4, (80)) = Ny (A, (80)] > <K/ (1n (m)°).

A simple application of Lemma 6.3 and an adaptation of it to Ny (A, (0y))
show that G; and G5 go to 0 a.s. O

Now we turn to Lemma 6.3 which is key for the proof of Proposition 6.1 and
that of Lemma 6.2.

Proof of Lemma 6.3.
Let e > 0 and x € X, we have

P (|N® (A, (©)) = N° (4, (©))] > ¢)

NY (A, () 1 €
< p [T INT £
n n ; {(Xican(©)}| ~ 3n

1 & €

i D lixseano) — Px (X € 4, (0))] > 3

Jj=1

+ P(’W—PX(XEAH (@))‘ > ;n>

N

1 & 1 & €
P f§ L yxces ,7§ yxs > —
ilélz)a ndI (X=ea} nj:l {Xed} 3n

1 « 5

P — Tixi —-Px(Xed —

HRL s D teven ~Px (X e )| > o
+ P su lznzll icay — Px (X € A) > =
Ae% n = (Xrea) X 3n

d _
where X*1, ... X*" denotes a bootstrap sample and B = { [] [a;, b;] : a;,b; € R .

i=1
The last two right-hand terms are handled thanks to a direct application of the
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Theorem of [36] over the class B whose Vapnik-Chervonenkis dimension is 2d.
This class is nothing more than an extension of the class R of rectangles in R%.
Following the lines of the proof of Theorem 13.8 in [10], one sees that the classes
R and B have the same Vapnik-Chervonenkis dimension.

The first right hand term is treated by applying Vapnik-Chervonenkis’ The-
orem under the conditional distribution given D,, as in the proof of Lemma
Al

Finally, we get the overall upper bound

P (|N® (A, () — N° (A, (0))] > &) < 24(n + 1)¥le=="/288n

O

Let us now sketch the part of proof of Proposition 6.1 which states that
(VVn)7121 goes to 0 a.s., under Assumption 4.3 item 3.

Proof. 1. First show that (Wp2),,~, goes to 0 a.s. This is achieved by decom-
posing

:E:E[wf(x)zf]+ Y E[wl () w, (x) 2925)]
7j=1 1<j¥m§7t
JjFEmM

Bienaimé-Tchebychev’s inequality, Lemma 6.3 and Assumption 4.3 items
1. and 3., give that there exist C, K and M positive constants such that

I, < kP(|N*(A.(©)) — N°(4,(0))] > )

_a (A O)))°
FEV A, e OV T O]

2 2B
< 24Cn%(n+ 1)2d exp [—m]

n 4 + 4CM?
Kyn(n(n)? n(n(n)”

Then, the trick of using a second sample D;, independent of the first-one
and the random variable © is really important to handle the J,, term.
Indeed, we have J, = 0 because E[Z7|X°™] = 0 while the equivalent
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term encountered in the proof of the Theorem 2 developed by [35] is han-
dled using a conjecture regarding the correlation behavior of the CART
algorithm that is difficult to verify (cf. assumption (H2) of [35]). Finally,

elon)?] g,
Ve > 0, P(|Wn|>€)<T:?.

Hence, since Z 1,2 < 0o, Borel-Cantelli Lemma gives
n>1

Ve >0, P (limsup{|Wn2 > g}) =0,

n—oo

which implies that W,> <% 0.

n—oo
2. Show that (W) n>1 converges almost surely to 0. Bienaimé-Tchebytchev

inequality, Lemma 6.3 and Assumption 4.3 items 1. and 3. as well as
Borel-Cantelli Lemma give that

Ve > 0, P(limsup{\wn —Wpe| 2 5}) =0,
n— o0

for p=p(n) = [v/n]. From this, we deduce that (W,),~, goes to 0 a.s.
O

We end this Appendix with the proof that sums of products of functions
considered in Remark 4.2 belong to the #-class. The proof for the other classes
of function may be done straightforwardly in the same way.

Lemma A.3. Let T be a familly of subsets of {1,...,d} and ij, jed{l,...,d},
I €7, be functions either all increasing or all decreasing and they are either all
positive or all negative then sums of product functions

IIESEDSY | FHEN

I€T jel
belong to the #-class.

d
Proof. Let A = H[ak,bk] and j € {1,...,d} be fixed, for any z € [a;, b;],
k=1

E(f(Z7X_j)]l{x—jeA—j}) = Z fJI(Z)E H ka(Xk)]l{XkG[ambk]}
I€T, jel kel\{j}

+ Y E(Hf,{(Xk)ﬂ{xke[ak,bkl})

I€T, j¢I kel
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So that z — E(f(z, X 7)1l x-jca-s}) is constant on [ay,b;] if and only if for
any z,z' € [a;,bj],

> GE-HEDE( T FC0ILxeelnmy | =0

Iez, jeI keI\{j}

since the functions f} are either all increasing or all decreasing and they are
either all positive or all negative, this may happen for all z, 2’ € [a;, b;], only if
f] is contant on [a;, bj]. O
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