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Abstract

Statistical wisdom suggests that very complex
models, interpolating training data, will be poor
at predicting unseen examples. Yet, this aphorism
has been recently challenged by the identification
of benign overfitting regimes, specially studied
in the case of parametric models: generalization
capabilities may be preserved despite model high
complexity. While it is widely known that fully-
grown decision trees interpolate and, in turn, have
bad predictive performances, the same behavior
is yet to be analyzed for Random Forests (RF). In
this paper, we study the trade-off between inter-
polation and consistency for several types of RF
algorithms. Theoretically, we prove that interpola-
tion regimes and consistency cannot be achieved
simultaneously for several non-adaptive RF. Since
adaptivity seems to be the cornerstone to bring
together interpolation and consistency, we study
interpolating Median RF which are proved to be
consistent in the interpolating regime. This is the
first result conciliating interpolation and consis-
tency for RF, highlighting that the averaging ef-
fect introduced by feature randomization is a key
mechanism, sufficient to ensure the consistency in
the interpolation regime and beyond. Numerical
experiments show that Breiman’s RF are consis-
tent while exactly interpolating, when no boot-
strap step is involved. We theoretically control
the size of the interpolation area, which converges
fast enough to zero, giving a necessary condition
for exact interpolation and consistency to occur
in conjunction.

1 Introduction

Random Forests (RF, Breiman, 2001) have proven to be
very efficient algorithms, especially on tabular data sets. As
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any machine learning (ML) algorithm, Random Forests and
Decision Trees have been analyzed and used according to
the overfitting-underfitting trade-off. Regularization param-
eters have been introduced in order to control the variance
while still reducing the bias. For instance, one can increase
the variety of the constructed trees (by playing either with
bootstrap samples or feature subsampling) or control the
tree structure (by limiting either the number of points falling
within each leaf or the maximum depth of all trees).

However, the paradigm stating that high model complex-
ity leads to bad generalization capacity has been recently
challenged: in particular, deeper and larger neural networks
still empirically exhibit high predictive performances (Good+
fellow et al.l [2016)). In such situations, overfitting can be
qualified as "benign": complex models, possibly leading to
interpolation of the training examples, still generalize well
on unseen data (Bartlett et al.| |[2021)).

Regarding parametric methods, benign overfitting has been
exhibited and well understood in linear regression (Bartlett
et al.,[2020; Tsigler and Bartlett, [2020; Liang et al., [2020)
and investigated in the context of neural networks (Belkin
et al, 2019a). Many researchers currently study the implicit
bias or implicit regularization of stochastic gradient (SGD)
strategies used during neural network training: the opti-
mization of an over-parametrized one-hidden-layer neural
network via SGD will converge to a minimum of minimal
norm with good generalization properties in a regression
setting (Bach and Chizat, 2021), or with maximal margin in
a classification setting (Chizat and Bachl 2020)).

Regarding non-parametric methods, practitioners have no-
ticed the good performances of high-depth RFs for a long
time (by default, several ML libraries such as the popu-
lar Scikit-Learn grow trees until pure leaves are reached).
More recently, the use of interpolating (or very deep) trees
for boosting and bagging methods has been discussed by
Tang et al.| (2018)) and [Wyner et al.| (2017). While [Tang
et al.| (2018) criticize the relevancy of interpolating random
forests, Wyner et al.| (2017) believe that the self-averaging
process at hand in RF (or in boosting methods) also pro-
duces an implicit regularization that prevents the interpolat-
ing algorithm from overfitting. Note that the regularization
properties of RF have also been studied in the light of their
complexity (Buschjager and Morik, 2021) and tree depth



Is interpolation benign for random forest regression?

(Zhou and Mentch| 2021). This phenomenon can be put
in parallel with the results proved in|Devroye et al.| (1998)
and Belkin et al.| (2019b) where they show that an inter-
polating kernel method using a singular kernel (similar to
K(r) = ||x]|~1)j2|<1) is consistent, reaching minimax
convergence rate for S-Holder regular functions. More re-
cently, Wang and Scott (2022) showed the consistency of
interpolating kernel methods, defined on Riemannian man-
ifolds, whose kernels can be written as weighted random
partition kernels on the sphere (similarly to the kernel ran-
dom forest methods defined in Section ).

Contributions and outline In this paper, we study the trade-
off between interpolation and consistency in the context of
regression, for different types of RF:

* Centered RF (Section[3). We prove theoretically that in-
terpolation regimes and consistency cannot be achieved
simultaneously for non-adaptive centered RF . The ma-
jor problem arises from empty cells in tree partitions.
Therefore, we also study a slightly modified Centered
RF that does not take into account empty cells;

Kernel RF (Section[d). We then study a more refined
version of the CRF, the Kernel Random Forest (KeRF),
built by averaging over all connected data points. By
neglecting empty cells, this method is consistent for
larger tree depths, but does not meet the exact interpo-
lation requirement yet;

Median RF (Section[5)). Since adaptivity seems to be
the cornerstone to conciliate interpolation and consis-
tency, we study the interpolating Median RF, which
is proved to be consistent in the exact interpolation
regime . For the first time, it is shown that the aver-
aging effect of the feature randomization inside RF
(without boostrap) is sufficient to "average the noise
out" (interpolating trees being sensitive to the noise),
i.e. to decrease the variance towards 0. The bias of
interpolating trees can be still classically controlled;

Breiman RF (Section[6). Numerical experiments show
that Breiman RF are consistent when exactly interpo-
lating, i.e. when the whole data set is used to build
each fully-grown tree (no bootstrap). It seems that the
key randomization mechanism at work in RF is suf-
ficient to reach consistency in spite of interpolation.
Finally, we prove that the volume of the interpolation
zone (where noise sensitivity is maximum) for an in-
finite Breiman RF tends to O at an exponential rate in
the dimension d. This supports the idea that the decay
of the interpolation volume could be fast enough to
retrieve consistency despite interpolation.

Please refer to Figure[T|for an overview of theoretical con-
tributions. All proofs and details on numerical experiments
are given in Appendix [B]and
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Figure 1: Summary of theoretical contributions.

2 Setting

Framework In a general non-parametric regression frame-
work, we assume to be given a training set D, :=
((X1,Y1), ..., (Xpn, Yn)), composed of i.i.d. copies of the
generic random variable (X,Y"), where the input X is as-
sumed throughout the paper to be uniformly distributed
over [0,1]%, and Y € R is the output. The underly-
ing model is assumed to satisfy Y = f*(X) 4 €, where
f*(x) = E[Y|X = «] is the regression function and ¢ a
random noise satisfying, almost surely, E [¢|X] = 0 and
V[e|X] < 02 < oo, for some o > 0. Given an input z €
[0, 1], the goal is to estimate the associated response f* ().
We measure the performance of an estimator f, via its
excess risk, defined as R(f,,) := E [(fn(X) — f*(X))?].
and its consistency property.

Definition 2.1 (Consistency). An estimator f,, is consistent
when lim R(f,) =0.
n—oo

Estimator A Random Forest (RF) is a predictor consis-
ting of a collection of M randomized trees (see |Breiman
et al.l [1984] for details about decision trees). To build a
forest, we generate M/ € IN* independent random variables
(©1,...,0), distributed as a generic random variable ©,
independent of D,,. In our setting, O ; actually represents the
successive random splitting directions and the resampling
data mechanism in the j-th tree. The predicted value at the
query point x given by the j-th tree is defined as

2 ]lXiGAn(:E,@j)Yi

fn(@,8;) = Ni(z,0;)

]an(x,Gj)>O )
i=1

where A, (z, ©;) is the cell containing « and N, (z, ©;) is
the number of points falling into A, (z, ©;). The (finite)
forest estimate then results from the aggregation of M trees:

1 M
f]VI,’rL(:E7®M) = M Z fn(l’,@m) )
m=1

where @, := (01, ..., 0). By letting M tending to infin-
ity, we can consider the infinite forest estimate, fo ,,(x) =
Eo|[fn(z, ©)], which has also played an important role in
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the theoretical understanding of random forests (see|Scornet,
20164, for more details). Here, [Eg denotes the expectation
w.r.t. ©, conditional on D,,.

Several random forests have been proposed depending on
the type of randomness they contain (what © represents)
and the type of decision trees they aggregate. Breiman forest
is one of the most widely used RF, which exhibits excel-
lent predictive performances. Unfortunately, its behavior
is difficult to theoretically analyze, because of the numer-
ous complex mechanisms involved in the predictive process
(data resampling, data-dependent splits, split randomiza-
tion). Therefore, in this paper, we simultaneously study the
consistency and interpolation properties of different simpli-
fied versions of RF, both adaptive (i.e. when trees are built
in a data-dependent manner) and non-adaptive.

All forests include a depth parameter, denoted k,,, which
limits the maximum length of each branch in a tree, thus
limiting the number of leaves (up to 2%~). In this work,
we analyze how the tuning of k,, allows us to adjust the
consistency and interpolation characteristics of the forest.
The classical notion of (exact) interpolation is defined below.

Definition 2.2 ((Exact) interpolation). An estimator f;, is
said to interpolate if for all training data (X;,Y;), we have
fn(X;) =Y, almost surely.

Recall that the prediction of a single tree at a point x is
given by the average of all Y; such that X; is contained in
the leaf of . Therefore, each tree within a forest can be
parameterized in order to interpolate: it is sufficient to grow
the tree until pure leaves (i.e. leaves containing labels of
the same values) are reached. In any regression model with
continuous random noise, we have Y; # Y; for all ¢ # j
almost surely. Therefore, an interpolating tree is a tree that
contains at most one point per leaf.

As the final prediction of the random forest is made by
averaging the predictions of all its trees, if all trees interpo-
late, the random forest interpolates as well. Consequently,
throughout all the theoretical analysis, we consider RF built
without sub-sampling: each tree is built using the whole
dataset instead of bootstrap samples as in standard RF. We
will discuss the empirical effect of bootstrap in Section [6]
Remark 2.3. In a classification setting, it is possible to obtain
pure leaves with more than one point per cell (see Mentch:
and Zhou| (2020) for more details).

3 Centered RF

We start our analysis of interpolation and consistency of
RF with the simple yet widely studied Centered Random
Forest (CREF, see |Biaul, 2012). CRF are ensemble methods
said to be non-adaptive since trees are built independently
of the data: at each step of a centered tree construction, a
feature is uniformly chosen among all possible d features
and the split along the chosen feature is made at the center

of the current cell. Then, the trees are aggregated to produce
a CRF. Although simpler, the study of the mechanisms at
hand in non-adaptive RF already provides good insights
about the inner behaviour of more general RF.

3.1 Interpolation in CRF

Lemma 3.1. The CRF fﬁRf interpolates if and only if all
trees that form the CRF interpolate.

Since CRF construction is non-adaptive, it is impossible to
enforce exactly one observation per leaf. Hence trees do
not interpolate and in turn, the interpolation regime (De-
finition cannot be satisfied for CRF. This leads us to
examine a weaker notion of interpolation in probability.

Proposition 3.2 (Probability of interpolation for a centered
tree). Denote It the event “a centered tree of depth k,
interpolates the training data". Then, for all n > 3, fixing
kn = |logy(ann) ], with ay, € N\ {0, 1}, one has

e T < P(Zr) <e” Man ¥,

According to Proposition [3.2] the probability that a tree
interpolates tends to one if and only if k,, = [logy(a,n) ]
with a,, = w(n)} Consequently, the regime o, = w(n)
completely characterizes the interpolation of a centered tree.

Proposition[3.2]can be in turn used to control the interpola-
tion probability of a centered RF.

Corollary 3.3 (Probability of interpolation for a CRF). We
denote by Tr the event “a centered forest fACﬁlF (,On)
interpolates". Then, for k,, = |logy(a,n)]| with a,, > 1,

P(Zr) <e” MonTD | (D)

Therefore, the condition «,, = w(n) (corresponding to the
interpolation of a single centered tree with high probability)
is necessary to ensure that w.h.p., the RF interpolates. Our
analysis stresses that a tree depth of at least k,, = 21log,(n)
is required to obtain tree/forest interpolation.

In fact, choosing k,, of the order of log,(n) characterizes
another type of interpolation regime. To see this, con-
sider a centered tree of depth k, whose leaves are denoted
Ly, ..., Lyx. The number of points falling into the leaf L;
is denoted N,,(L;). Since X is uniformly distributed over
[0,1]%, then, forall i = 1,..., 2%,

n
i @

Definition 3.4 (Mean interpolation regime). A CRF f]\(fanF
satisfies the mean interpolation regime when each tree of
fun has at least n leaves, i.e. if and only if k,, > log, n.

P(X €)=

o and E[N,(L;)] =

By Equation (2), the mean interpolation regime implies that
for all leaves L;, E [N,,(L;)] < 1: one could say that trees
interpolate in expectation, in the mean interpolation regime.

'i.e. o, asymptotically dominates 7.
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3.2 Inconsistency of the standard CRF

In both interpolation regimes (mean and in probability),
trees need to be very deep, with a growing number of empty
cells as n tends to infinity, eventually damaging the consis-
tency of the overall CRF.

Proposition 3.5. Suppose that E [ f*(X)?] > 0 and set
o > 0. Then the infinite Centered Random Forest SORnF of
depth ky, > log, an is inconsistent.

Proposition emphasizes the poor generalization capac-
ities of the interpolating CRF (under any interpolating
regime), which could be expected given its non-adaptive
construction. Indeed, the non-consistency of the CRF stems
from the fact that the probability for a random point X to
fall in an empty cell does not converge to zero, introducing
an irreducible bias in the excess risk.

3.3 Consistency of void-free CRF under the mean
interpolation regime

Since limiting the impact of empty cells seems crucial for
consistency, we study a CRF that averages over non-empty
cells only, which we call the Void-Free CRF. Note that
predictions in empty leaves are arbitrary set to 0. Denoting
A, (2, ©)y) the number of non-empty leaves containing
in the forest with trees ©1, ..., ©,;, the void-free CRF is

written as
VF Z%:l fn(z, em)]an(r,GmDO
M,n(x7 G)M) = .

Ay (z,0)

The problematic terms that arise in the theoretical deriva-
tions of classical CRF vs. void-free CRF are of different
natures: the probability PP (N,, (X, ®,7) = 0) of falling into
an empty leaf in a random tree of an (infinite) CRF compared
to the probability P [Vm € {1,..., M}, N,(X,0,,) = 0]
of falling into empty leaves in all trees in the (infinite) CRF.
Lemma 3.6 below controls this last term.

Lemma 3.6. Consider a finite void-free CRF f[F, (-, ©r)

of depth k € IN. Let x € [0,1]¢ and denote Enn(x) the
event “forallm € {1,..., M}, N, (z,0,,) =0". Then,

P (Epn(@)) < e IIT 4 o~ MdT" 3

Consequently, if k = |logs(n) | and M,, = w(n'°824), then
le I[D(gﬂ/[mn(.’t)) =0.

As previously, the infinite void-free CRF is defined as
son (%) = Ee [fu(@, ©) [Ny (2, ©) > 0].

Theorem 3.7. Assume that f* has bounded partial deriva-

tives. Then, the infinite void-free-CRF of depth k =
|logy n| is consistent in a noiseless setting (o = 0), and,

foralln > 1,

R( VF (X))

00,n

n O\ 2leg2(1-37) ol
<cd< ) +(Cq+2)n~/CmD)
logy 1

where Cy = 4d (Z;l:l ||af]*‘|c2>o) .

The overall rate is of order O (n2 log(1-1/ zd)) which is a
typical approximation rate for CRF, see |[Klusowskil (2021).
As a matter of fact, Theorem [3.7) highlights that empty cells
do not limit the performance of the void-free-CRF in the
mean interpolation regime.

However, this construction introduces a conditioning over
N, (z,©) > 0 that prevents us from bounding the variance
in the case of noisy samples. Therefore, in the next section,
we analyze Centered Kernel RF (KeRF) with a different
aggregation rule (empty cells still being neglected).

4 Centered kernel RF

As formalized in|Geurts et al.| (2006)) and developed in|Arlot
and Genuer| (2014)), slightly modifying the aggregation rule
of tree estimates provides a kernel-type estimator. Instead of
averaging the predictions of all centered trees, the construc-
tion of a Kernel RF (KeRF) is performed by growing all
centered trees and then averaging along all points contained
in the leaves in which z falls, i.e.

M
- Z?:l Y; Zm:l ]lXieAn(Ia@'m,)
- M
Z?:l Zm:l ]]-X,;EA”(L@M)

FRERE (2,0)) -

One of the benefits of this construction is to limit the in-
fluence of empty cells, which can be harmful both for con-
sistency and interpolation (see Section [3). As earlier, the
infinite KeRF is defined as,

KeRF () _ S YK (z, X;)
o ZzT'L:l Kn(.%', XZ) 7

where K,,(z,z) = Pg [z € A,,(z,0)] is the probability
that « and 2 are in the same cell w.r.t. a tree built according
to © (see[Scornet, [2016b), for details).

Interpolation conditions Since KeRF aggregates cen-
tered trees as CRF (but in a different way), the results of
Section [3|can be extended to KeRF: (4) the mean interpola-
tion regime is met for centered trees (hence for KeRF) when
kn > log, n; (i) a necessary condition to attain the KeRF
interpolation in probability is k,, > 21og,(n). One can note
that the depths required for both interpolation regimes are
still large, leading to as many empty cells for KeRF as for
classical CRF but the aggregation rule is such that they are
not taken into account in KeRF predictions, which gives
hope that consistency could be preserved.
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Consistency We study the convergence of the centered
KeRF under the mean interpolation regime. To this end, we
consider extra hypotheses on the noise and on the regularity
of f~*.

Theorem 4.1. Assume that * is Lipschitz continuous and
that the additive noise € is a centered Gaussian variable
independent from X with finite variance o2. Then, the
risk of the infinite centered KeRF of depth k,, = |log,(n)]
verifies, for all d > 5, for all n large enough,

R( OIECS,F) < 8L2d2nzlog2(1—§)
+ Callogyn) =5 (logy (logy m)) 3,

where Cyq > 0 is a constant dependent on o* and made
explicit in the proof.

Theorem [ 1] states that the infinite centered KeRF estimator
is consistent as soon as d > 5, with a slow convergence
rate of log(n)~(4=2)/6, The proof is based on the general
paradigm of bias-variance trade-off and is adapted from
Scornet| (2016b). At first sight, one might think that the rate
becomes better as the dimension d increases. However, the
constant term highly depends on the dimension, so that the
established bound should be regarded for a fixed d.

Choosing k;,, = |log,(n)| in Theorem[d.1]allows us to have
a mean interpolation regime concomitant with consistency
for KeRF, therefore highlighting that consistency and mean
interpolation are compatible. This is not the case for CRF for
which the mean interpolation regime forbids convergence
(Proposition[3.5). If a “mean” overfitting regime is benign
for the consistency of KeRF, it seems to be nonetheless
malignant for the convergence rate. Indeed, [Lin and Jeon!
(2006) provides a lower bound on the convergence rate
of a deep non-adaptive RF (such as the CRF), scaling in
(logn)~(@=1)_ This leads us to believe that the convergence
rate we obtain in Theorem [4.1]is marginally improvable.

Interpolation of kernel estimators has been recently stud-
ied with singular kernel by [Belkin et al.| (2019b). Since
KeRF are kernel estimators, one can wonder how sharp
is our bound (Theorem [.T)) compared to that of Belkin
et al.[ (2019b)), which is minimax. Due to the spikiness of
the singular kernel studied in |Belkin et al.| (2019b), inter-
polation arises for any kernel bandwidth. The latter can
be then tuned to reach minimax rates of consistency. The
story is totally different for KeRF since interpolation occurs
only for specific tree depths k,, > log(n) (where the depth
parameter is closely related to the bandwidth of classical
kernel estimates). Less latitude for choosing the depth then
leads to sub-optimal rates of consistency (see Theorem

Of course, a better rate of consistency in O(n!/(3+d10g2))
could be obtained as in|Scornet| (2016b) when optimizing
this depth parameter, but leaving the interpolation world.

We numerically assess the performance of KeRF in the mean

interpolation regime (see Appendix [C).

5 Semi-Adaptive RF: Median RF

So far, consistency has been analyzed in the mean inter-
polation regime. What about consistency with exact RF
interpolation? To analyze this phenomenon, we thus intro-
duce semi-adaptive RF, Median RF, whose constructions
depend on the training inputs X;’s (and not on the outputs
Y;’s).

The Median RF, studied e.g. in|Duroux and Scornet| (2018));
Klusowski| (2021), is composed of median trees that first
randomly choose the direction to cut over and then cut at
the median of the data points contained in the current cells.
In our analysis, for any cell containing 7, observations, the
median is set as the middle of the segment of two consec-
utive order statistics: X(,_/2) and X(,,/241) for an even
number of observations, X (nesl) and X (netl) otherwise.

5.1 Consistency

In order to obtain consistency for an adaptive RF, one needs
to control two terms: the bias and the variance terms. On
the one hand, the bias is roughly controlled by the diameter
of the leaf times the supremum of the derivatives of f* in
the leaf. In the interpolating regime, the depth is maximum
so the diameter of the leaf is minimum and therefore the
bias is smoothly upper bounded.

On the other hand, a "low" depth regime is usually required
to control the variance term, so that each leaf of each tree
contains an infinite number of points when n tends to +oc0.
This directly "averages the noise out" and decreases the
variance towards O within each tree. However, in the inter-
polating case, each leaf contains only one point and we can
only rely on the averaging effect of the RF, induced by the
random splitting mechanism, to upper bound the variance.
Studying the effect of the random splitting mechanism in full
generality remains challenging. However, as increasing the
dimension also increases the diversity of the trees within the
REF, it should naturally be easier to control the variance of an
interpolating Median RF in an asymptotic high-dimensional
setting, as we prove and discuss in Appendix [B.3.1]

The following theorem establishes the consistency of the
interpolating Median RF in the general setting of noisy data
and fixed input dimension.

Theorem 5.1. Suppose that f* has bounded partial deriva-
tives and that n is a power of two. Then, the infinite interpo-

lating Median RF é\gngF is consistent and verifies:
MedRF : 2 3\ %"
ec *
R < 0 (Ll ) (1 )

+ orZC’g,d(log2 n)*(d*”“,
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where Cy and Cy g are explicit constants, the former being
independent of the dimension d (see the proof for the exact
computations).

The control of the bias term follows the general approach
used in [Duroux and Scornet| (2018) with substantial tech-
nical refinements. On the other hand, we propose a more
general approach for the control of the variance inspired
by [Biau (2012); [Klusowski| (2021)), where we derive ex-
plicit bounds specifically designed for Median RF. Note
that the consistency achieved by Median RF cannot be ob-
tained for CRF under the interpolation regime due to the
non-negligible probability of falling into empty cells (see
Proposition [3.2)).

Theorem [5.1]is the first result ensuring consistency of RF
despite exact interpolation. It is even more impressive con-
sidering that bootstrap is off so that the averaging process in
the RF is only due to feature subsampling. More specifically,
when dealing with interpolating trees, the variance reduc-
tion does not come from averaging many points in the leaf
of a given tree anymore (since the tree depth is no longer
limited), but results from averaging single points from the
leaves of different trees.

If interpolation remains compatible with consistency in the
case of Median REF, it nevertheless damages the convergence
rate. Indeed, it has been proved that, for all o small enough,
the convergence rate of Median RF with trees of depth
k= (1— a)logy(n)isn™ (see Theorem 3 in Klusowski,
2021)). In the case of interpolating Median RF, Theorem @]
highlights a phase transition when k& = log,(n), as the
convergence rate is driven by the variance term, which is of
order (log, n)~(¢=1)/2_ While being very slow, this rate is
close to the lower bound (log, )~ (1) established for non-
adaptive interpolating RF (Lin and Jeon, [2006). Actually, by
assuming log,(n) > d, our proof can be directly modified
so that our upper bound matches the lower bound of |Lin and
Jeon|(2006) (using the second statement of Lemma S.1 in
Klusowskil 2021}, instead of the first one).

Note that Theorem 5.1 does not contradict Proposition 1 in
Tang et al.[(2018)), as the condition therein is not proved to be
satisfied for interpolating median RF (nor for interpolating
CRF).

We also provide numerical experiments (resp. Section[5.2]
and[C.1.2) that illustrate the consistency of the interpolating
Median RF.

5.2 Volume of the interpolation area

In this section, we aim at quantifying the volume of the
interpolation area of a Median RF, which is a prerequisite
for the RF consistency. To pursue our analysis, we first give
arigorous definition of the interpolation area.

Definition 5.2. The interpolation area is the subspace of
[0, 1]¢ where the forest prediction depends only on one train-

ing point. For a given forest fas (., ® /), the interpolation
area is denoted byf]

M
— {x €[0,1)4,3'X; € D, X, € ﬂ An(x,(am)}.

m=1

The interpolation zone is highly dependent on both the ge-
ometry of the training points X;’s and the construction of
the trees. Analyzing the interpolation area for a finite Me-
dian RF turns out to be quite a challenging task. Therefore,
we focus our study on the core interpolation area A, in
written as

Amin=" [\ Alfsrn(-On)).

MEN,®

The area A,,,;, is the intersection of the interpolation zones
of all possible forests, or equivalently of a forest containing
all possible trees (and therefore all possible cuts). As an
example note that in the case of median trees, every cut
may occur with a positive probability. Therefore, A,,;,
matches the volume of the interpolation area of an infinite
Median RF. In the following proposition, we control the
Lebesgue measure (denoted by p) of the core interpolation
area AMCIRE of an infinite Median RF.

Proposition 5.3. Foralln > 2, for all d > 2, consider an
infinite Median RF. Then,

n

9 d—1
Ep, [u(AM)] < 2 () .

The volume of the core interpolation area of an infinite
Median RF tends to 0 polynomially in n and exponentially
in d.

Remark 5.4. Apart from a very restricted zone, the predic-
tion of a Median RF mostly relies on more than one training
point. More specifically, this is a necessary condition for
consistency: the volume of the area where the prediction
involves only a finite number of points (a fortiori the inter-
polation zone) should tend to 0. Indeed, by decomposing
the risk as R(f, (X)]IXGAM%RF) + R(fn(X)]IXQA%%RF ),
the first term is at least of the order o2y (AMIRY) There-
fore, it is not possible to cancel out the noise of the training
dataset when only a finite number of points is used for the
prediction. The noise in such an area remains of order o.
Proposition portends the predominant self-averaging
property of adaptive RF, and hence underpins the idea of
good capabilities of Median RF in interpolation regimes.

’the symbol 3! means “there exists a unique”.
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6 Breiman RF

The widely-used Breiman RF is composed of several CART
(Breiman et al., [1984), each one trained on a bootstrap sam-
ple, and for which the successive splitting directions and
thresholds are chosen at each step (among a random sub-
set of directions) in order to minimize the CART criterion.
Breiman RF exhibit excellent predictive performance even
if their adaptivity to the data remains a real hurdle to their
theoretical analysis.

From the interpolation perspective, each CART being
trained on a bootstrap sample, the RF interpolation is not
ensured when considering fully-grown trees. Indeed, a tree
cannot interpolate a point that is not chosen in the bootstrap
step. For this reason, we focus our study on the volume
of interpolation areas for Breiman RF without bootstrap
and then analyze their empirical behavior in interpolating
regimes through a battery of numerical experiments.

Interpolation As a Breiman RF is built using both the
X;’s and the Y;’s, it is difficult to determine the depth neces-
sary to reach the interpolation state. Depending on the data,
the latter can be of the order k =~ log,(n) in the best case,
if each cut creates approximately two groups of the same
size), or k == n in the worst case, if only one point is sepa-
rated from the others at each step (low signal-to-noise ratios
situations, see e.g., Ishwaran, |2015). Note that by omitting
the bootstrap in the RF construction, the interpolation of
Breiman RF directly results from aggregating fully-grown
trees.

Volume of the interpolation zone As shown in the next
proposition, the volume of the core interpolation area of
Breiman RF tends to 0 as n tends to infinity.

Proposition 6.1. Consider an infinite Breiman forest con-
structed without bootstrap. Suppose that for a given con-
figuration of the training data, all cuts have a probability
strictly greater than 0 to appear. Then, the volume of the
minimal interpolation zone verifies

E [1(Amin)] < % (1—27m)7,

Similarly to the Median RF, the bound on the interpolation
volume for a Breiman forest enjoys the same order of de-
cay, improved by a constant exponential in the dimension.
Since predictions cannot be accurate in the interpolation
area in a noisy setting, it is necessary that the volume of this
area decreases to zero in order to ensure the RF consistency
(see Remark [5.4). Proposition therefore suggests the
good generalization properties of Breiman RF in interpola-
tion regimes, as several training points are mostly used for
prediction.

Setting the number of eligible features for splitting to 1 is
sufficient to ensure the hypothesis on cuts in Proposition

[6.1} one can obtain a tree in which all splits are performed
along a single direction. This is a minor modification to
the original algorithm, easy to implement since most ML
libraries have a “max-feature" (as scikit-learn in Python) or
“mtry” (in R) parameter that can be set to 1.

In Appendix [C| we numerically evaluate the volume of the
interpolation zone and compare it to the theoretical bounds

in Proposition

Empirical study of consistency We now present an em-
pirical study of Breiman RF consistency in interpolation
regimes. In the theoretical analysis, we have focused on a
specific type of Breiman RF (without bootstrap and a max-
features parameter equal to 1). We now examine the char-
acteristics of Breiman forests with their default parameters
and study the regularization processes that limit the noise
sensitivity in the interpolation regime. In order to reach a
better estimation of the regression function, Breiman RF
average several CARTSs while introducing randomness in
the construction of each tree to diversify them. The first ran-
domization comes from the bootstrap: each tree is trained
on a bootstrap sample (selecting n observations out of the
n original ones, with replacement). The other randomiza-
tion results from a random selection of splitting directions:
at each node, a subset of {1,...,d} of size max-features
is randomly selected and the CART criterion is optimized
along these directions only (setting max-features to 1 pro-
vides the maximum diversity whereas setting it to d results
in the construction of a unique tree).

The benefit of these two aspects in the construction of the
Breiman RF is numerically analyzed when using interpolat-
ing Breiman trees. In Figure[2] we measure the excess risk
of two RFs with 2000 trees and max-depth= None, where
for the first one, bootstrap is used and the max-features
parameter is set to 1, whereas the second one excludes boot-
strap and sets the max-features parameter to [d/3] (default
value in randomForest in R).

Model 1 Model 2
0.0015 0.08

—e— no bootstrap, mf=ceil(d/3)+1
—e— bootstrap on, mf=d

. 0.0010 0.06

0.04
0.0005
0.02

Sl c—

0.0000 —

Model 3 Model 4

0.06
0.05 0.0008

1004 0.0006 \
8003 -, 0.0004 e —
0.02 R —

0.0002
0.01

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Figure 2: Consistency of two Breiman RF: excess risk w.r.t.
sample size n. Mean over 10 tries (bold lines) and mean +
std (filled zone), when using 2000 trees per forest, and max-
depth=None. See Appendix |C|for the model definitions.
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In Figure[2] we observe that the excess risk decreases to 0
for all models and for both forests. Indeed, each randomiz-
ing process alone induces enough diversity across trees for
the self-averaging property to be efficient, resulting in the
consistency of the overall forests (see also|Scornet, |2016aj
Mentch and Zhoul 2020 Mourtada et al.| [2020] for insights
about tree diversity in random forests).

However, when using bootstrap, consistency comes at the
cost of leaving the interpolation regime, as only 2/3 of the
data are used in average to build each tree (see Figures
[T8] [T9]in Section [C.2.3] for more details about the forest
non-interpolation). In regards of this internal sampling se-
lection, the aggregation of interpolating bagged trees results
in smoothing the decision process of the entire forest, pro-
viding thereby a consistent but not interpolating estimate.

In turn, Breiman RF built with max-features= [d/3]
seems consistent while preserving its interpolating behavior.
Within this configuration, the final RF still interpolates the
data but the volume of the interpolation zone is very small
as shown in Figure [I6] This is in line with the vision of
a locally spiky estimator developed in[Wyner et al.| (2017)
and Bartlett et al.| (2021). Indeed, the influence of the av-
eraging effect is locally null near the data training points,
but increases with the distance from these points. Note that
bootstrap and feature subsampling act differently. Bootstrap
smoothens predictions by averaging different observations,
even at points of the training set, which leads to an empty
interpolation area. On the other hand, feature subsampling
increases tree partition diversity, which reduces but does not
annihilate the interpolation area of the overall forest.

Remark 6.2. One of the advantage of using deep (interpolat-
ing) trees is that it allows the RF to build more diversified
trees. Indeed, the number of possible trees roughly grows
exponentially with regard to the depth (also depending on
n,d and the max-features parameter). Especially when
max-features is low, this should improve the averaging
effect of the RF which is of particular interest when dealing
with noisy data.

In this regard, Breiman RF with max-features= [d/3] are
similar to interpolating spiky non-singular kernel methods,
as studied in Belkin et al.| (2019b), except for the leeway
allowed for the hyperparameters tuning. Indeed, as under-
lined for non-adaptive centered forests, the depth k,, (i.e. the
tuned parameter) is constrained to a strict range to ensure
both consistency and interpolation. This is not the case for
singular kernel methods, as they interpolate regardless of
the window parameter value.

7 Conclusion

In this paper, we study both empirically and theoretically the
tradeoff between interpolation and consistency of different
types of random forests: when dealing with non-adaptive RF

(CRF), empty cells prevent consistency; so that aggregating
only non-empty leaves (void-free CRF) leads to convergence
rates, only in a noiseless scenario. In a noisy setting, the
kernel RF aggregates leaves differently (also avoiding empty
ones). For kernel RF, we establish a (slow) consistency rate
in the mean interpolation regime. We then study semi-
adaptive RF that are closer to those used in practice and that
present the advantage of being able to exactly interpolate
the training data. The convergence of the median RF in the
exact interpolation regime is established, showing the power
of such architecture (even when used without bootstrap).
Our study also shows that a prerequisite for consistency
is that the minimal interpolation zone tends to zero as n
tends to infinity. We theoretically analyze this quantity for
median and Breiman forests, emphasizing that interpolation
might occur in conjunction with consistency if the volume
of such areas vanishes fast enough. An experimental study
supports the concomitance of consistency and interpolation
in Breiman RF, when no bootstrap step is involved.

Contrary to Nadaraya-Watson methods involving singular
kernels that interpolate regardless of the bandwidth param-
eter, RF interpolate only for a specific choice of the depth,
thus restricting the regime in which interpolation and con-
sistency occur in concordance. Overall, most simple RF
versions were relevant to study RF consistency when the
tree depth was limited but are not actually sufficient to han-
dle deeper trees corresponding to interpolation regimes. For
adaptive forests, increasing the tree depth towards the inter-
polation regime results in a reduced bias, and the variance
reduction phenomenon only results from the split randomiza-
tion effect. The higher the dimension, the more diversified
the trees, the stronger the averaging effect and the vari-
ance reduction. Analyzing the strength of this phenomenon,
which highly depends on the very shape of tree partitions, is
the cornerstone to prove the consistency of adaptive RF in
a general regression setting. We believe that interpolation
remains benign for the consistency of adaptive RF, but can
damage their convergence rate (this was the case for KeRF
in the mean interpolation regime and for Median RF in the
exact interpolation regime), at least when bootstrap is not
used.

The analysis of the interpolation zone of RF introduced in
this article is an important tool for the understanding of
RF prediction in interpolation regimes. Indeed the volume
of the interpolation area is actually a roundabout way to
measure the diversity in the constructed trees: if this volume
is high, all trees end up building similar partitions. This
diversity measure could also be used as a regularization
tool to reduce the RF complexity by keeping only the most
uncorrelated trees (in terms of partition) in a PCA fashion.
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A Summary of contributions
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Figure 3: Summary of theoretical contributions
B Proofs

B.1 Reminders and notations

Tree and RF estimator: We recall the prediction of the given by the j-th tree of the RF at point x:

" Ax,ca,(z0,)Yi

) = 1 )
fn(x’(_)]) Nn($7@j) Nin(2,0;)>0 >

i=1

where A, (z, ©;) is the cell containing « and N, (z, ©;) is the number of points falling into A,,(z, ©;). It is also written as
follows:

Ix;can(z.0;)

where W,,;(z,0;) = No(@,6,) 1n, (z,0,;)>0- The (finite) forest estimate then results from the aggregation of M trees:

1 M
fM,n(z7®M) = M Z fn(m,Gm) 5
m=1

where © )/ := (01,...,0 ).



Ludovic Arnould, Claire Boyer, Erwan Scornet

B.2 Proofs of Section |3|(Centered RF)

B.2.1 Proof of Lemma 3.1|(Link between tree and forest interpolation)

First, it is clear that if all trees of a forest interpolate, the forest interpolates. Now, suppose that the forest fﬁf)‘f interpolates

a training pOint Xsa ERS {la IRRN] n} Then, by definition of f]\C/[l?nF,

n

CRF(XS;GM ZZ % m Xw@)

n 1 M
=2 Vi | 7 22 WailXe. ©5)
i=1 =1
=Y,
1
where W,,; (X5, 9;) := %L\be,@ )>0- Consequently,
]CWR'n,F(XS7 On) =Y, 4)
M
= Y MZWM X5, 0;) +§;Y M;Wm(xs,ej) =0. (5)
For () to hold almost surely, it is necessary that it holds conditional on X7, ..., X,,©1,...,0,. Since, for all j €

{1,..., M}, the terms W,,;(X,, ©,) are measurable with respect to X1,...,X,,01,...,0)s and Y; is independent of
(Yi,i # s) given X1, ..., X,,01,...,0), equality (5) leads to, for all ¢ # s,

M
1
zz: 0s(Xs,0;) =1, and M;Wm()(&@j) =0. (6)
Since all weights W,,;(X, ©) take values in [0, 1], we have, for all j € {1,..., M} and for all i # s

Wns(Xsaej) =1 and Wni(XS79j) = 0 (7)

Finally, for all j € {1,..., M}, the prediction of the jth tree at X is given by

FORE(X0,05) = D Wai( X, ©,)Y 8)
=1
=Y, ©)

and therefore all trees of the forest interpolate the point X.

B.2.2  Proof of Proposition 3.2 (Probability of interpolation for a centered tree)

As all the leaves have the same volume and the data points are independent and uniformly distributed, having at most one
point per leaf is equivalent to distribute n balls into 2* boxes containing at most one point with 2% > n as can be seen on
Figure ] Recalling that Zr is the event “a centered tree of depth k,, interpolates the training data", we have

()
"%

2k1 n!(2F —1)!
(28 —n)In! (n + 2k —1)!
2P (@) x.ox (2" —n+1)
(2 +n—1)x (28 4+n—2) x...2F

P(Zr) =
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Figure 4: Computing the interpolation probability (depth k = 3, n = 6)

If we have k = log,(a,n) € IN, we have

ann apn —1 (an —1)n+1

IP(IT) - (Om, + 1)7171 . (Oén, + 1)71*2 anpn

In the general case where k = |log,(a,n) |, that is a,n/2 < 2% < a,,n, we can lower bound the probability of the event
It as

2P x (28 — 1) x ... x (28 —n+1)
(2F+n—-1)x (2F+n—2)x...2k

2k —p 4 1\"
> (1)

2k —n\"
<2k+n>
> exp (n log <2kn>>
- 2k +n

P(ZIr) =

V

V

since log(1 — z) > —xz /(1 — x) and provided that c,, > 2 for the last inequality. To upper bound the probability, note that,
forallr € {1,...,|n/2]}

Zk—n—|—r 2k—n+g 21@7%
2k4n—r 2k 4n -2 1724+ 2 -1’

and, forall r € {1,...,n},

ok _
7n+r<
2k 4n—r —
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Therefore, one can also upper bound the probability as

2P x (2F —1) x...x (28 —n+1)
(28 +n—1) x (2k +n —2) x...2k

S(ﬁé%l)mm

< exp (m log (1 - 2161_”1—1»
SeXP(‘bJ <2kj2 1>)
coo (- [3](25))
SexP(b <2an1+1>>

for all n > 2. Finally, for all n > 2, and for all v, > 2,

o (-25) <pan <ew (- 3] (5257) )

B.2.3 Proof of Corollary 3.3| (Probability of interpolation for a CRF)

P(Zr) =

As it is necessary for all trees to interpolation for the forest to interpolate, the probability that the forest interpolates is
smaller than the probability that a single tree interpolates.

B.2.4 Proof of Proposition [3.5| (CRF inconsistency)

Let fSRY be an infinite CRF with each tree of depth ky, > log,(a,n), that is each tree has at least a,n leaves, with
onn > 1. Let X be uniformly distributed on [0, 1]%. We write SR (X) = E [fSRF(X)|X, X1, ..., X,,]. Then, denoting

00,n

& the event "N, oo (X) = 0" (or equivalently, "X falls into a non- empty leaf™),

R(EF (X)) = E | (S8 (X) = f7(X)*] (10)
>E [( FORF () — 1*(X))] an
=E (ZE@ ni (X, 0)f7(X5)] = (Le +1lsc)f*(X)> (12)
=E <]lch]E@ ni(X, 0) (f*(X3) — f1(X))] —ﬂsf*(X)> (13)
>E [_f (X)*1e] (14)
> E[f*(X)*P(£]X)]. (15)
Besides,

P(E]X) =P (Npoo(X) = 0]X) (16)
> (1 - a1n>n a7)

and as log(1 — 1/z) > ——L- forz > 1,
(1 _ aln> _ enlog(1-5%7) (18)

> e mT (19)
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Thus,

RFSEF(X)) > em i E [f*(X)?], (20)

00,n

which tends to O if and only if o, tends to zero as n tends to infinity. Since, by assumptions, «,, does not tend to zero and
E [f*(X)?] > 0, the infinite CRF is inconsistent.

B.2.5 Proof of Lemma 3.6|(Probability of falling into an empty cell of the void-free CRF)

Recall that £/, () is the event “for all m € {1,..., M}, Ny(z, ©,,) = 0”. We have

M
Enrn(@) = () {Na(2,0;) =0} 1)

j=1

Given a dataset, we distinguish two situations: either x falls into an area where it cannot be connected to a point X; for any
tree, or the dataset is such that = could be connected to a point X; for a certain configuration of cuts within a tree. We write
&1 n(z) the (D, -measurable) event {V0, N,,(z,6) = 0}. Consequently, we have &; ,,(2)¢ = {3 0, N,,(z, 0) # 0}. Using
these notations, we obtain

P (5M7n(lﬂ)) =P (ng(l') n Elm(x)) +P <5M,n(X) N glyn(:b)c) 22)
=P (& (@) +P(Epn(z) N Ern(z)©) (23)

where the first probability term of the second line is a probability taken over D,, only, since &; ,,(x) does not depend on O.
We control this probability thanks to the following Lemma.

Lemma B.1. Forall z € [0,1]% we let & ,,(x) be the event {¥8, N,,(x,0) = 0}. Then, we have

P (1 () < e 2T,

Proof. Let x € [0,1]¢. The event £; ,, () happens if all the points of the dataset fall into parts of the space that cannot
connect to x for any tree. In order to compute its probability, we compute the size of the connection area of x for trees of
depth k, denoted

Zep(x) ={2€0,1]" : 30,2 € A, (z,0)}. (24)

We recall that trees are built independently from the dataset and that all cuts are made in the middle of the current node for a
uniformly chosen feature at each step. We denote A(k1, ..., kq, z) the cell of = obtained by cutting k; times along feature

X forall j € {1,...,d}. Then, the volume of the connection area Z, j, of z is
1(Zei(z)) = U A, ka ) (25)
0<ky,....ka<k
>, ki=k
>u|l U Alkk2,0,..,0,2) | . (26)
0<k1,k2<k
ki1+ko=k

By o-additivity of u,

H U A(klkaaow"aO?x)

0<k1,ka<k
k1+ko=k
J—1
- u(A(k,O, ...,o,a;)) Ny (A(k —5,5,0,.,0,2) \ | Ak — €,6,0, ...,O,x)) . 27)
j=1 £=0
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Given the shape of the cells A(k — j,5,0,...,0,2), forall j € {1,...,d}, we have (see FigureEI)

j—1
Ak = §,5,0,..,0,2)\ | J A(k — £,£,0, ...,0,2)
=0
=A(k—j,5,0,..,0,2) \ Ak —j+1,j — 1,0, ...,0, z). (28)

Furthermore, note that, for all j € {1,...,d}, the volume of each cell A(k —j + 1,5 — 1,0,...,0, 2) is 27% (since k cuts
have been performed). Therefore, for all j € {1,...,k},

L. w(A(k —3,5,0,...,0,2)) = u(A(k —j+ 1,5 — 1,0,...,0,2)) = 27F

2. u((A(k —7,3,0,..,0,2)NAk—j+1,5—1,0,.., O,x)) = “(A(k_j’go"”’o’x)) as can be seen on Figure

k=

(0,0)

A(4,0) n A@B,1)

Figure 5: Volume of leaf intersection p((A(k — j,j, ) N A(k — j + 1,5 — 1,2)) in dimension 2 with z = (0,0), k = 4
cuts and j € {0, 1}.

We deduce from these facts that, for all 7,

A(k—7.7.0. ...
u(A(k—j,j,O,...,O,ac)\A(k—j+1,j—1,0,...,0,95)):'u( (k “2’0’ ,0,2))

= 2~ (kD) (30)

(29)

Hence, combining equations (7)), 28) and (29), we have

m U Ak, k2,0,...,0,2) | =27F 4 k2~ D), 31

0<k1,k2<k
k1+ko=k
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Consequently, using inequality (26),

1 Ze () > k2~ KD, (32)

Finally, as the X;’s are uniformly distributed on [0, 1] and &; ,,(z) is realized when none of the X;s fall into Z. x(x),

P(&in(x)=PVie{l,...,n}, X; ¢ Z.r(x)) (33)
= (1 — p(Zep(z))" (34)

<(1- kr(kH))" (35)

_ enlog(pkz—(““) (36)

< e 37)

O

Regarding the second term of (23), we have

M
P (Eatn(@) N Exn(@)) =P [ | () Na(w,05) =0 | () (Fi € {1, 0}, X € Zun(@)) (38)
j=1
=E [E []laie{L...,n},XieZc,k(z)]lmjvil Nn(x,@j)zomnﬂ (39)
[ M
=E |1sic(1,..n}xeZon@P | [) Nalz,0;) = 0D, (40)
j=1
=E [D3ieq1,....n}. 51620 1 (2) (L = 2n)™] (41)

where p,, = Pg (N, (z,©) > 0|D,,) and where the last line is obtained by independence of the ©;’s conditionally on D,,.
Note that, if 3i € {1,...,n}, X; € Z. (), then p,, > d~* since a tree connects x and a point in Z,  (z) with probability
at least d—* (i.e. by choosing the right cut at each step). Hence,

L3ie (1, xieZon(@) (L= pa)™ < (1 —d™F)M, 42)

which leads to
P (Entn(@) NELn(2)) < (1—dF)Y (43)
<M (44)

Finally, gathering Lemma B.T|and inequality #4) yields

P(Emn(z)) <e” I | e~ MdTF (45)

B.2.6 Proof of Proposition 3.7 (Consistency of void-free-CRF in a noiseless setting)

Recall that, in a noiseless setting (that is, for all 4, Y; = f*(X;)), the risk of the Void-free CRF can be written as

n 2
E (£, - £(X)"] =E (Pﬂg‘?}@;‘(<§fgj°;>3) 2 I (KB Wi (X )y, x 0950l = f*(X)>

We decompose f*(X) as

FHX) = (Lpg (N, (x,0)>0)50 Lo (N, (X,0)>0)=0) *(X)
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in order to write

2
Lpg (N, (X,0)50)50 =
E o (Na (X, S FH(X0)Ee[Wai(X, 0)1 ~ (X
(IP’@ (N.(X,0 > 0)) i:1f( JEe [Whi(X,0)1y, (x,0)>0] — [ (X)

M:

_E ( Ipe (N, (X,0)>0)>0

2
Po (N.(X,0 > 0)) (X)) Ee[Whi(X,0)1y, x,0)>0] — f*(X)]lIP’@(Nn(X,@)>O)—O>

=1
n 2
Po (N, (X,0)>0)>0
< 2E X E (X 1
< (Pe( N,(X.0 > 0)) ; ) Eo[Whi(X, ©) N,L(X,®)>o]>
N 2
+2E [(f (X)Lpg (N, (X,0)>0)=0) } (46)

The second term of the last inequality verifies
2
E[(/* () Trg (v, (x.0150-0)°] < 177I2P (Fo (Nu(X,€) > 0) = 0) (7

The event {Pg (N, (X, 0) > 0) = 0} is (X, D,,)-measurable, it corresponds to the situation where for any 6, N, (X,0) = 0,
i.e. the dataset is such that it is impossible for a tree to connect X with one of the X;’s. This probability is controlled by

Lemmal[B.1}

kn

P (Po (Nn(X,0) > 0) = 0) < e 44T,

Denoting by p (Ag,j ) (z, G))) the length of the jth side of the cell containing x and following a computation from Klusowski
(2021),

3 n d
3" Wi (X, 0)|£*(X) — (X)) [y, (x.0050 < D Wai(X,0) | Y110, 110l X7 = XD| | Ly, (x.0050  (48)
i=1 i=1 j=1
n d
<3 WailX, 0) 1y, (x.0150 D 1185 oo (b — a;) (49)
i=1 j=1
d .
< T, (x50 D103 oot (AP (X, 0)) . (50)
j=1
Therefore,
2
2 1 d )
E|(fVF (X) - (X < 9E , Eeo |1 AU (x
(5 x) = (X)) < RV X85 0) 21 o [Ln.cxerson (45)(X,0))]
4 2e T (51)
d
<20 [l0ffILE 1 Eo [Ly, (xerson (49 (X.0))]”
= . 7 oo IP@(N”(X,@)>O)2 n(X,0)> n ’
j=1
4 2em T, (52)

Note that the length p (Aglj)(X, @)) of the j-th side of the cell A,(X,O) and the event {N,(X,©) > 0} are not
independent conditional on X1, ..., X,,, X. Indeed, given the geometry of the dataset, it is possible that cutting along the jth
direction isolates X from the dataset. Therefore its length should be computed conditional on the event { N,,(X, ©) > 0}.

To this aim, we denote for all k € N, A,, (X, ©) the cell containing X at depth « in a centered tree built with the extra
randomness ©. Conditional on N,,(X, ©) > 0, the jth direction can be chosen to split along if and only if it does not isolate
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X from the points of the dataset. Thus, we denote by E,, ,.(j, X, ©) the event "In a centered tree built with the randomized
cuts O, at depth &, splitting the cell containing X along the jth direction does not isolate X". Then,

Eo []IN,L(X,G))>OM (Agzj)(Xa 9))] =Eeo [1N,L(x,e)>oﬂ (A%j)(X, 9)) (1g, . G.x.e) + ]lE,L,K(j,X,e))} (53)
< Ee [1n,(x,0)>01E, .(j,x,0)] (54)
+Eeo []1N,,L(X7@)>0]1E,L,K(j,x,@)/i (A'gtj)(Xa @)ﬂ ) (55)

since p (Aglj)(X, @)) < 1. We denote A%kleft (X, 0) (resp. AE{L’“ght (X, ©)) the left (resp. right) daughter of the cell

A, (X, O) that has been split along the jth direction (note that the whole cell is considered here, not only the projection on
the j-th side). Then,

Eo [1n,(x,0)>01E,..(.x,0))
=Po (Enx(j, X,0)°|Npu(X,0) > 0) Po (Na (X, 0) > 0) (56)
—Po (( V(A" (X,0)) = 0) N (X € ADL#(X,0)) [N(X, ) > 0) Po (N, (X, 0) > 0)

n

+Pe ((N,L(A(j)’“ght(X, 9)) = 0) N (X € AG) et (X, @)) IN,(X,0) > o) Po (N, (X,0) >0)  (57)

n,K

< 9Pg (Nn(Agg;yeft(X, 0)) = 0[N, (X, 0) > 0) Pe (N, (X,0) > 0). (58)
Moreover,

Eo []an(X,e)>0]1En,K(j,XVC”))M (Aglj)(X’ 9))}

< Eo [1 (49 (X,0)) [Enn(j, X, 0), Na(X,0) > 0] Po (Na(X,0) > 0). (59)

Denoting K ,.(X, ©) the number of splits made on feature j up to depth « to produce the cell containing X, we obtain

Ee [M (Ag?(x, @)) |Ep e (j, X, 0), Ny (X, 0) > o} <Ee [2-Km<xv@>|En,K(j, X,0), No(X,0) > 0] . (60)

We denote 6;(X,0) € {0,1}* the vector indicating at which depth the jth direction is chosen for splitting, that is
0;.¢(X,0) = 1if and only if the jth feature is used for splitting at depth £. We have

Kjn(X,0) =) 6;4(X,0).
=1

For £ = 1,...,k, the random variables J; (X, ©) are distributed as Bernoulli random variables. Conditional on
E,.(j,X,0) and N,,(X,0) > 0, we know that for all ¢ = 1,...,k, the jth direction was eligible for splitting at
level £. Therefore, the probability of selecting the jth direction at any level 1 < ¢ < &, is py > 1/d (at worst, all variables
are eligible for splitting, leading to p, = 1/d). Besides, conditional on E,, .(j, X,0) and N,,(X,©) > 0, the random
variables d; ¢(X, ©) are independent by construction of the centered forest. Indeed, conditional on E,, . (j, X, ©) and
N, (X,0) > 0, the jth direction can be chosen up to depth  (independence is broken only when the direction cannot be
chosen at a given depth as the following one will not be chosen either). Then,

Eo [27 55+ X0) B, (j, X, 0), Na(X,0) > 0] = [[ Ee [27% 9| E,..(j, X,0), Na(X,0) > 0] (61)
L=

L%+ a-m) (©)

1 K
< (1 - 2d> . (63)

—



Ludovic Arnould, Claire Boyer, Erwan Scornet

Therefore, injecting Equations (58) and (63)) into (33), we get

Ee {]an(X,epo/i (AS)(X,G)))}
Po (N, (X,0) > 0)

< 2Pg (Nn(A Ittt x @) = 0|Nn(X,0) > 0) + (1 — 1) . (64

™ 2d

which implies

2K
) < 4Pg (Nn(An{L’left(X, 0)) = 0| N,(X,0) > 0) +2 <1 - 1) . (65)

Pe (Nn(X,0) > 0)

(E@ {]lzvn(x,epoﬂ (AS)(X, @))}
2d

using (a + b)2 < 2a2 4+ 2b% < 242 + 2bif b < 1. Plugging-in this expression into leads to
g gging p

d 1 2K e
I [( o (X) ff*(X))Q] §4d;||af;\|go (1 2d> 4 2¢ kT

+ Sdzdj 107122 (Na (AL (X, ©)) = 0| N (X, ©) > 0). (66)
j=1
Then,
P (N (AQM (X, ©)) = 0| Ny (X, ) > 0) (67)
—E [P (Nn(Aggyeft(x 0)) = 0| N,,(X,0) > 0, N, (A, (X, 0)), X, @) IN,(X,0) >0
—E {Q’N"(A"f”(x’@mNn(X, 0) > 0] (68)
< 2 [27 Ve (X OD] (69)

The last line is obtained by making the expectation explicit and noting that P (N,,(X,0) > 0)"' < 1/(1 —e 1) < 2.
Furthermore, conditional on X, ©, N,, (A4, (X, ©)) is distributed as a binomial of parameters n and 1 (A4,, (X, ©0)) = 27",
Thus,

P (Na (AL (X, ©)) = 0| N (X, ©) > 0) < 2E [27Nn (A0 (70)

< 2K [E |27 M4~ (X 0| x, 6| (71)

<2 (1 — B mnr B0 (A”’“Z(X’ @))> (72)

=2(1-27"" )" (73)

< 2exp (—557) (74)

Overall,
VF N 2 d 112 1\*" n kn
E [( VE (X) — (X)) ] <4d | S l10f711% <1— 2d> +dexp (‘W) + 2exp (—W) (75)
j=1

Choosing k = logy(n) — log,(logy(n)), that is 2% = n/(logy(n)), we obtain

2log, (1-54)

1 n n 2d 1

_ = _ < /(2In2)

exp (inlog (1 2d>> + 4exp ( 2“_1) < <log2 n) +4n (76)
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Consequently, recalling that k = |logy(n) |,

>210g2(1—21d)

d
E (105,00 = ()] <4 | YN0 (( " +4n_1/(21“2)>+2n_1/(21“2) )

= logy n
210g2(1—ﬁ)
< Cy ( i ) —l—(Cd—l—Q)n_l/(an)7 (78)
logy 1
d
where Cy = 4d | > [|0f7 |12,
j=1

B.3 Proofs of Sectiond](Theoremd.1)

In this section, we prove the consistency of the infinite KeRF estimator in the mean interpolating regime (Theorem[d.T). We
follow the proof given in|Scornet|(2016b) and first present two of its results.

Lemma B.2 (Scornet| (2016b)). Let k € IN and consider an infinite centered random forest of depth k. Then, for all
z,z € [0,1)%

il I\
Ki(z,2) = Z k:1‘k:d'<d> H]l(zkjmm]:[zka(j)]'

ki,....ka Jj=1

Theorem B.3 (Scornet| (2016b)). Let f* be a L-Lipschitz function. Then, for all k,

Joage B, 2) f*(2)dz . dzg
sup
z€[0,1]4 f[o’l]d kk(l’, Z)dzl ... dzg

Proof of Theorem Let x € [0, 1]% and recall that

KeRF () 22?21 YK (z, X;)
som Doy Kz, X5)

Thus, letting

1 (YiKi(z, X)) E[YKg(z, X)]
An(e) =22 (E[m,xn E [y (z, X)] ) ’

1</ Ki(z,X;)
Bal) =12 (Emesor )

EY K(z, X))

and M, (x) = E[Ky(x, X)) ’

the estimate fXeRF

2o () can be rewritten as

KerF, .y _ Mn(2) + An(2)
oco,mn ((E) 1+Bn($) )

which leads to

Mn(x) - f*(l') + An(x) - Bn(x)f*<x) ]

KeRF (2) = f*(2) = B NE
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According to Theorem B3] we have

o [EL (OK e X | BER@X)]
M) - (o) = [ LRGBS oy
BIF (0K X)) .
<[ @

where C' = Ld. Take a €]0,1/2]. Let Co (z) be the event {|A, ()| < o} N {|Bn(z)| < a}. On the event Co(x), we have

oo (x) = f*(2)]* < 8|Mn (@) — £*(2)” + 8| An(@) — Bu(2)f* ()

1 2k
<21~ 2 )2
<sc?(1-55) +8a%0+1F )
Thus,
1 2k
BSSE ()~ 1 @)Ple,] 86 (1- ;) 48221+ 17 19)

Consequently, to find an upper bound on the rate of consistency of fXRF we just need to upper bound

co,n

[| KeRF( ) — f*(x)|2]lcg(z)} < ]EH maX Yi| + |f*($)|)2ﬂcg(r)]

KeRF

(since f 2%, is alocal averagmg estimate)

ﬂcz (m)}

< (E 20+ e P[c;@)])

(by Cauchy-Schwarz inequality)
4 1/2
< (10071 + 88 pa 1] ) picaien)

< * )
<E[[21s ||oo+12a§xn|elw

1/2

According to Lemma | there exists a constant C” > 0 such that, for all n,

E[ max &; } < C'o*(logn)?. (80)

1<i<n

Thus, there exists C” such that, for all n > 1,

E||fER (z) — f*(2)Lee )| < C"0?(logn) (P [CS(2)])"/2. (81)
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The last probability P [CS (2)] can be upper bounded by using Chebyshev’s inequality. Indeed, with respect to A, (),

P[|A,(z)| > o] <

1 [YKk(%X) B E[YKk(an)]r
no? | E[Kg(z, X)] E [Ky(z, X)]
TR S
na? (E [Kk(x,X)])QE[Y R, X) ]

21 (el e e
na? (E [K(z, X)])? <E{f (X)*Ki(z, X) }
+ E[EQKk(l",X)ﬂ)

207+ E]

Cy IE[K )2]

" e (B [l X)) o

with Cy = 2(|| f*||2, + 02) a constant. Meanwhile with respect to

IN

IN

I /\

(82)

sy

»(2), we obtain, still by Chebyshev’s inequality,

E [Ky(z, X)2]

2 (B [Ke(z, X)))2 (84

P(IB,(x)] > o] < 5

which matches the control made by |Scornet| (2016b). Consequently,

P [C5(2)] < P[|An(x)| > a] + P[|Bu(z)| > af (85)
< Co+1LE [Kk(l',X)ﬂ
~ na? (E[Kg(z, X)])?

(86)

Besides, for all z € [0,1]¢, for all k, E [K§°(z, X)] = 5 (see in|Scornet| (2016b) the proof of theorem VI.1 p.11). Since
Ky (z, X) < 1, we know that

1
E[KE (@, X)] =5 2 E[Ki(z, X)?] > (B[Ki(z, X)])* = 3 (87)
which leads to
pics(o)] <2 (L) B mute x2). 59)

but to pursue, we need a tighter upper bound on E [K oz, X )2] than that obtained from (87). Such a control is provided in
Lemmal@below, which is original, and departs from the work of [Scornet| (2016b)).

Lemma B.4. Forall d > 2, for all k large enough, for all = € [0, 1],

E [K§* (2, X)%) < 2755 (C1 + G (log,())") (89)
where
244/ g (d—1\°

e B 1\"
E [Kk (va)ﬂ =E Z m (d> H]l(zkau)]:[zij(j)] : o1
j=1
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Developing the square within the expectation, we obtain two terms, the first one A being the sum of squares and the second
one, B, being the cross-product terms. The first term A takes the form

k' 2 1 2k d
a=2| ¥ (o) (3) Lt >

ki,....kq
E?=1 kj=k
! 2% d ‘
= Z (k'> < ) HP< ki ()] = [ijX(J)D. (93)
I 1....
g kj=k
d
Note that, for all j, P ([2%/z()] = [2k X)) = 2% and HZ_ i = 27F_ Therefore
j=1
ol 2\
A= > (kll...kd!> <d> 2 G
Kiyeery ka
d_ ) kj=k

Thanks to Richmond and Shallit| (2009), we know that, for all d > 2,

k! 2 J2k+d/2
Z ~ — (95)
Filkdl ) koo (dmk)@ D72
ki,....kq
4 kj=k
Therefore, for all k£ large enough, we have
S P
> (k, - ,) < R (96)
— 1:.Rg!
4 ki=k
Thus, letting C; = 2d%/2/(47)(@=1)/2 for all k large enough,
A< 27 kA2, 97)
Regarding the second term B,
k! k! 1\ 2 ¢
B=E 2. Tl gl 1.0y (d> LT 22 nm=pats xon Rpatsuen=pats xon ©8)
ek Voo kgl 6! .. 0! i
. 75((17.-~,5d),
j=1 kj:Zj:1 L=k
k! k! ol ) ks x () e ¢ x ()
— Z T Z'() P ﬂ( 2ks £ ()] |'2.7XJ'|)Q("2JJ;J1:|'2.7X]'|))
(kl,...,kd) TR % L A R AR 4 =1
F#(Ly,eila),

Z?:l kj:Ej 1 4=k
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A small computation yields

d
P

/N

j=1

P

|
e

Jj=1

2—k

|
.E&

j=1

_ 27](,‘27 Z?:1(£j7kj)]léj >k

— 2_ Z?:l kj (15]‘ >k +]12j <k; )‘E?:l(éj _k)j)ﬂej =kj

d d
— 9= 2= kyleycn; =350 bile >k

— 9= 3§y max(k;.4;)

Therefore,

d
j=1 J':Zj:1 L=

1 k
(=) X
(k1.5 ka)
#(1,...,4q),

k! k!

kil kgl Ol 4!

k! k!

kql.o kgl ). 0!

k! k!

(
(

VAR

d d
j=1 kJ':Zj:l L=k

d
For all ¢ > 0, define the set Iy = {€ = (¢1,...,¢4q),k = (k1,...,kq)| > |kj — {;| > 2¢}, so that
j=1

1 k
L (2012) >
(k,)EK,
24K

k=39 0=k

=1 =1

1\*
(k,0)¢EK,
4k

k! k!

kil kgl 0. 44!

k! k!

1

2

1

2

(

kil kgl 640 lg!

S k= =k

= B; + Bs.

([ijm(j)] - [2’%}((]’)” N (|'2€jm(j)'| — [2%}((]’)1))
|—2€"x(j)1 = fQZJ'X(j)]‘Vj, [2’%@(]’)1 - (ijx(j)] 9=k

P ([2éj$(j)1 - (ijX(j)w ’ [ijx(j)w - [2ij(j)1>

)Ej_l max(k;,£;)
> k+3 309 k=451

1 130 k=451
3 ~

1) % Z?:1 [kj—£51

(

2

1 % Z?:l ‘kj_eﬂ
(2)

99)

(100)

(101)
(102)
(103)
(104)

(105)

(106)

(107)

(108)
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Regarding B, we have

k
1
B < | —

Z?:l kj=2i=1 ijk

as

D

k,2)elC,
0+k

We now define, for all k, ICy (k) := {€ = ({1, . ..

Note that for all £, ﬁ

Using an inequality from Batir| (2008)), we obtain

Overall, for all £ > 2d,

k
1
By < (—

d

aéd

D

k!

k!

2—4

kil kgl 1) 4g!

J

k!

d d
), >4 =k, > |kj —¢;| > 2q}. Regarding Bs, we have
i=1 j=1

k!

k,e¢K,
4k

d
j=1 kj:ijl L=k

d
j=1 kj

kil okal 40 lg!

=E?=1 L=k

is maximal when max; ¢; is minimal. Therefore, for all £ > 2d,

k!

k!

Ol g

L6y +1)...T(lg +1)

k!

S T(e/d 1 1), T(k/d] + 1)

IN

k!

k!

T(kjd)e"

kk+1/267k

_ <
[(k/d)d — kkd—ke—kkd/2

< dkk_(d_l)/z.

Z E—(d=1)/2

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)
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We now want to upper bound the cardinal of I, (k). Denoting by By, (0, 2¢) the ball of radius 2¢ with respect to the L,

norm, note that

Card(K,(k)) < Card({z € NN By, (k,2q)})
< Card({z € N* N By, (0,2¢)}).

Since,
B, (0,¢) € By (0,¢) C Br_(0,[c]),
we have,

Card(K,(k)) < Card({z € N*N By_ (0, [2¢])})
< (2[2¢] + 1)*
< (4g+3)".

Thus, we have, for all & > 2d,

as

Finally, for all q, we have

B =B+ B
< 27Fma 4 = (@=1/2 (4 4 3)1 2,
Letq = (%) log, (k). For all ¢ > 3, that is for all £ > 26/(¢=1) and for all k > 2d,
d—

B<2k (k*Tl +E@D/2¢, (1og2(k))d) ,

where

Finally, for all k large enough

E [Ki(z,X)*] < A+ By + B>

<27 (G4 1+ O (loga(R) )

According to inequality (88) and Lemma[B.4] we have, for all k large enough

Co+1 _d-1
22T (€1 + G (logy(R)))

PCo(2)] <

no

(121)
(122)

(123)

(124)

(125)

(126)
(127)

(128)

(129)

(130)

(131)

(132)
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Consequently, according to inequality (8T), we obtain, for all k large enough

Co+1 d—1 i
LA ) — £ @] < €0 ogn (5124 (04 o onati)) )

logn -1 1/2
< C"0%(Co + 1)/ (max(Cr, C2)) /2 S52 25265 (1 + (logs (k) )

where C3 = C"0?(Cy + 1)/2(2max(C}, C))/2. Then using inequality , for all k large enough
2

B[S (@) - ()]

< B[|FERF (@) — (@) P, + B[ 7SR @)~ £ (@) Pley o]

1 2k
< 8L2d? <1 - 2d) + 8% (1 + |f*[lo)?

2 2M2 an d/2
+ C30°(logn)——=k~ 7 (logy k)*/~.
anl/2
Optimizing the right hand side in «, that is choosing

9k/2 -
o® = (log n)—k_% (log, k)42 3 Cs
n

72 (A SE (139

we get

KeRF o’ < 81242 L\ e Al \2/3 2y32"% o a/3
B[S0 () = f1(0)| <8L2 (1= 55)  +4C5 (14 1100/ (log )/ s k=5 (log, k)%

Choosing k,, = log,(n), we obtain, for all n large enough,

2 ) _
B[S0 (@) = f(2)] < 812021070 40 (1 + | £*]1o0) l0g )/ (logy m) =% (logy (logy m) /2.

(134)
Finally,
2 _
B[N (@) — /()] < 812?507 4 O (logy m) =5 (o (logg m)) 7 (135)
with
Cy =18 x 2%/% 5 (log 2)*2C"*3(|| f*|1%, + 0® + 1) (max(Cy, Cs)) /. (136)
O
Lemma B.5. Consider n i.i.d. random variables €1, . . . , &, distributed as N'(0,1). Then, for all n > 21,
4 < 2,
E { max 51} < 32¢(logn)
Proof. We have, forall p > 1,
1/p
E {max |5i4] < (]E {max |5i|4p}> (137)
1<i<n 1<i<n

n l/p
> ei|4p]> , (138)
1=1

<(z
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using Jensen’s inequality (by concavity of 2 — /7 for p > 1). The p-th moment of a Gaussian variable A’(0, 1) can be

computed as follows
Bl = [ Pl > uldu
= /OOOIP[|5| >t ptPldt
< /000 2exp(—t?/2)ptP~dt,

using classical tail inequalities for Gaussian variables. Now, setting s = t?/2 and recalling that I'(z) = fooo
we have

/ 2exp(—t?/2)pt"~ dt = 2P/ exp(—s)(25)"7 ds
0 0
= 22" T(p/2).

According to Theorem 2.2 in Batir (2008)), we have, for all x > 0

1/4
1
Iz +1) < V2rz® exp(—z) <m2 + % + 18) .

Let

. oy (2 E L
f iz exp( J:)(a: +3+18>’

one can show that f is non-increasing on [1/2, 00). Thus, for all z > 1/2,
D(z+1) < V2ra® f(1/2)Y4
1\ /4
< V2mz¥exp(—1/2) (2>
< 22",

Hence, for all p > 3,

E[|e1]?] < 4p2"7 (p/2)"/2,

n 1/]7
14| < |4p
E L@&Xnkl ] < (E 2\54 ])

. v
< n'/7 (169277 (2p)) '

which leads to

1/p
<o (3
< 32n1/pp2.

Choosing p = logn yields, for all n > 3,

E [max 5i|4} < 32¢(logn)?.

1<i<n

(139)

(140)

(141)

exp(—t)t*~ldt,

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)
(153)

(154)
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B.4 Proofs of Section |§] (Semi-adaptive forests)

Lemma B.6. Forall a € [0, 1), the depth k22CT of a semi-adaptive centered tree verifies

lim P (k39°CT(X,0) € [logy(n) £ logy~*(n)]) = 1.

n—oo

Lemma states that the asymptotic behavior of k242“T (X ©) is equivalent to log, n up to a negligible factor. The log(n)
equivalent matches the condition for the mean interpolation regime in the case of CRF exhibited in Section 3]

B.4.1 Proof of Lemma [B.6

Forall0 < j <k, welet A; ,(X, ©) be the cell containing X in the tree truncated at level j. Similarly, we let N, (X, ©)
the number of observations in this cell. Then,

— E[P (Ny_1.(X,0) > 2/X,0)] (156)

1 n n 1 n—1
() s () 57

Using the inequality log(1 — x) < —x forall z € [0, 1) yields,

n n n—1

>1- (1+2k 1)exp (—%) (159)
Letting k = (1 — &,,) log,(n) in (T39) yields
Pk (X,0) > k) >1—(1+2n°")exp(—2n°"). (160)
Note that, setting ,, = ¢ (logyn)~* for any o € [0, 1) implies that
n" = exp (e, logn) (161)

tends to infinity. Therefore, for all ¢; > 0 and all «;n[0, 1),

ILm P (kn(X,0) > logy(n) — c1(logyn)~*) = 1. (162)
Besides,
Pk (X,0) <k)=1-P(k,(X,0) > k) (163)

1\" n 1\"!

Using the inequality log(1 — z) > —x/(1 — z) forall z € [0, 1), we have

n n n—1

P (ky(X,0) < k) = exp (—2,€1> + o9k exXp <_2’“1) (165)

n
Letting k = (1 + &,,) log,(n) in (I66) yields
—en n
_ n_en
> (1+2n En)exp( 1) , (168)
 nTten

which tends to 1 for the choice €, = ca(log, n) ™%, for any a € [0, 1) and any co > 0.
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B.4.2 Proof of Theorem 5.1 (Consistency of Median RF)

Preliminary results In all the preliminary results, we use the fact that the spacing between two consecutive order statistics,
that originate from an i.i.d. sample uniformly distributed on [0, 1] of size n; is distributed as a beta distribution B(1, n;).
We also recall that, for all o, 3,

of o
i iarirn ¢ EB@AI=77

V[B(a, 8)] = (169)

Lemma B.7 (Control of a cell side of a fully-developed median RF). Assume that n > 16 is a power of two. For all
z €[0,1]4, forall ¢ € {1,...,d} and depth k € N*, with k < |logy n|, we have

2 k
E {u (40, ©)) ] <q <1 - fd) , (170)

with C7 < 256 exp (‘;Qj\/\/ﬁg)

Proof of Lemma|B.7} Fix z € [0, 1]%. For all ¢, let §;(x, ©) be the vector whose components are defined as §; (x, ©) = 1
if the j-th cut is made along direction ¢ and 0 otherwise. Without loss of generality, we let £ = 1 and fix = € [0, 1]¢. For all

j €40,...,k}, we denote Aﬁl(m, ©) the cell containing « at level j, projected onto the first direction, and n; = n277 the
number of observations falling into this cell.

Recall that we consider the median forest in which splits are performed at the middle of two consecutive order statistics in a
cell, so that each resulting cell contains exactly the same number of observations. With these notations in mind, we want to
upper bound, for all 7,

E[u (48, @))2 161 (z, @)] :

where, for now, the split randomization d;(x, ©) is considered fixed and may be omitted in the notations. Let us fix
7 <k —1, define

1
A (2,0) = [Myj, My,

and assume that the next cut is made along the first axis at position M;. Then,

2
H (Ag‘]ﬁl,n('r7 ®)>
= (Mj = M13) Loenn, ;i) + (Mg = M) Loeiag; a, a7
(Mj — My j)* + (M2 — M;)* — (Mj — M1 ;)?) Lo, mr, ) (172)
= (M; — My ;)* + (My j + Ma j — 2M;) (Ma j — My j)Laein, 1, ,)- (173)

We denote X7, ..., X 7’” the points contained in the cell A;lz (z,©). Note that the second term in (I73]) can be decomposed as

(M + My ; — 2M;) (Ma; — My i) acins; as ]
= (X(/1) + Xénj) - Xénj/z) - anj/2+1) + My - Xél) + My - Xénj)) (Ma,j = My j) o ing; s ) (174)

Xél) + Xénj) / X(/l) + Xé"j) ’ / /

=\ Xt 5 Xy M - Xy + Moy - X,
X (Ma; — My j)aenn; s ) (175)
XE1) + Xénj) / Xél) + Xé”j) / /

= 2 =Xyt =g = Xz + Moy = Xy | (M = M), (176)
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Injecting (T76) into (T73), taking the expectation and using Cauchy-Schwarz inequality leads to

E[M<A§2Ln(x76))1 E [(M; - M,)?]

1/2

2
(1) (ny)
(2 - XEnj/2)> E [(Ms,; — My ;)%

- , 9 1/2
Kot Xy E [(Ma; — Mi ;)]
B (nj/2+1) J J
9 1/2
2
i (E[ ~ X, )) ]E [(Ma; — M, ;) ]) . (177)
Considering the second term, we have
X+ Xy o i (Xl — Xty , )
— 5 Xy | FE T~ Xy~ X)) (178)
' 1 Ky — X))\
_ ! /2 n;/2 1 ’ ,
=B |(X(n,) = X)) °E (2— (XE:u XEN) Xy Xmp | |- A7)
where
!
Bl T x (% -1.%)
/ ! ’ n; ’ 9
(Xlnyy = X)) 2
’I’Lj _ 7”72
with E[B( 1L,3)] = 51
Thus
2
1 (Xén/z)_XEU) 1 nj—2 \° n; nj
El|l-—-—2 W)y x| =L VI B(= 1,22 180
(2 X, —xp,) ) X (2 z(nj_1)) +V[B(5-17)] (180)
1 1 n;—2
- z 181
Wy =12 T alm, =12 (181)
1
= 182
i, — 1) (152
Consequently,
2
+ X! 1
(1) (ny) / . / 7 \2
E (2 X(m/m) = dm, " {(ij) - Xw) } (183)
1
< ——  E[(My,;, — M ;)?]. 184
= 4(nj _ 1) [( 2,5 1-,1) ] ( )
Similarly,
2
+ X! 1
(1) (ny) / . / 7 \2
E ( gt X(nj/m)) *74(nj_1)]E[(X<n,~>*X<1>)} (185)
1
< ———E[(My; — M ;)?]. (186)
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By Lemma [B:§]
)

E [(Mg,j - X{nj))z} < WE [(Mz,j - Ml,j)Z] :

Gathering all previous inequalities into (173)) yields

E | p (A('l)l (z, @))2 <E[(M; - My;)*] + ———
J+ln B ’ n; — 1
V5 2
+ E [(Ma; - M1,)°].
(nj = 1) ’ !
Considering the first term in (I87), we have
X[+ X] ?
n; 2 n; 241
(M; — My ;)* = < e 5 e — X{y + X _Mu‘)

2
< (an.7/2+1) = Xy + X1y — Ml,j)

< (X, 21y~ Xfl))z + (X0 - Mlu‘)z +2(X{o 2y~ Xiny) (X = May)

Taking the expectation and using Cauchy-Schwarz inequality, we obtain

2 / / 2 4 2
E[(M; =M ;)] <E [(X(nj/m) - X() } +E [(Xu) M) ]

2 (5 (e~ X0 B 0, -0, )))

Now,

X, j241)

—_ X/

2 2
/ ’ _ / /
E{(X(nj/m)—x(l)) ] —F (X(nj)—X(l)) E ( v

where

X/ X \?
(n;/2+1) (1) / ’ _
E ( ) X0y, X(,0 ) _IE[

! !
Xiny) ~ X

(o))
VS
YIRS
SIS

|

—
N———

[ )
| I

2
(1) / /
7 >|X<1>7X(nj> :

Therefore,

2] 1(n; +1/2)° 2
I ! ] / /
E [(ij/m) —Xu)) } ST v (ij) —Xu)) :

(187)

(188)

(189)

(190)

(191)

(192)

(193)

(194)

(195)

(196)

(197)

(198)
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Injecting this expression into (T90), we have

E [(M; — My ;)%] < in [(Xénj) - X{1))1 +E {(Xél) - Ml,j)rj

~ 4 (n;—1)?
(n; +1/2) , L\ 2 / 971\ 1/2
+ ﬁ (E {(X(nj) _X(l)) } I [(Xu) - Ml,j) D - (199)
According to Technical Lemma B8] we have
/ 2 )
E [(X(l) - Ml’j) } < WE[MQJ — My,
Hence,
I [(MJ - Ml,]) ]
1(n; +1/2)° . 2], 5 | 2
<1 1) E [(Mg,j M ;) } piC e E {(MQJ — My ) }
+ (n; = 1) (E [(Mz,j — M ;) } (n; — 1)2]E |:(M27J — M ;) ]) (200)
1(n; +1/2)* 5 (n; +1/2) V5 R
- (4 VAR ey R e T L TN @on)
1(n; +1/2)° 20 45 )
T e | ! E|(Msy,; — My 202
4 (n;— 1) ( " (nj +1/2) T+ 12) [( 25 = M) } (202)
1 3 2 20 45 )
i\ o) B |(Ms; — My, 203
S4< +2(nj—1)> ( +(1~Lj+1/2)2+(nj+1/2)> {( 25~ Miy) } (203)
1 9 20 45 4 2
<1 (-7 (1 Ry R Cye 1/z>> B[00, = 0,)7] (204
foralln; > 4,since (1 +2z)? <1+3zifz <1.
Consequently,
E [(M; — Mi,;)?]
1 9 30 9
<3(1+ 3, =) (14527 B[ - 0] (205)
1 69 90 )
=1 <1 o) T, - 1)2> E {(Mz,j =M ;) } (206)
1 35+ 6 )
<7 (1 o 1) E [(Ma; — Miy)’] 207)
1 a1 )
3 (1 o= 1) E [(Mz,j — My;) } ; (208)

for all n; > 16. Recall that, until now, we have fixed 1 (z, ©) and omitted the explicit conditioning in the proof to lighten
notations. Thus, plugging-in the previous inequality into (I87)) yields, for all n; > 16,

B[ (400,0.0)) 61(0.0)] < ] (14 0 ) B (00 - 001 8100

nj —1
E [(Ma,; — My ;)?|81(2,0)] V5
+ +
n;—1 (n; —1)

1 42 +/5 2
<4 (1 + 1) E [u (Ag,}g(x, @)) |51(x,@)} . (209)

nj—

E [(szj — My ) |51(z,@)]
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Recall that d1 (x, ©) is the vector whose components are defined as d; 1 (x, ©) = 1 if the j-th cut is made along the first
direction and 0 otherwise. We let K1 = ||d1(x, ©)]|; be the number of times the first direction is split. By induction, we
have

2 I 2
E [ﬂ (4. ©)) } —E|E [u (4. ©)) |51(:v,@)H (210)
<E H 1<1+M> 211)
. o 4 ’/lj — 1
].6311—1
Lji<k—4
<4E |45 ] <1 + M) . 212)
Lo TLj — 1
].6J,1—1
j<k—4

The product can be upper bounded as follows, with C' = 42 + /5,

¢ c
log H <1 + ) < log H (1 + ) (213)
5.05u=1,5<k—4 V=1 =1, Vi1

i<k—4
C/?2-2i/2
= 3 log (1 e vt (214)
j:zi],l:l, n
j<k—4
C\/§ k—4 .
< g2 2P (215)
n iz
(k—3)/2
< Ov2 20OR 216)
\/5_ 1 nl/Q
= 2\/572' ¢
Thus,
2
E[M(Agiug@j)} Slﬁexp(2V;{_Q)HEH_Kﬂ. (218)
Since K7 ~ Bin(k, 1/d), we have
1 1\"
B[] = <1 1y 4d> (219)
k
= (1 - 43(1) . (220)
Finally,
k
(1) H ¢ _3
E)PL(Akm(x,@))} <4 eq)<2v§__2) (1 =) 221)
with C' = 42 4 /5.
O

Lemma B.8 (Technical Lemma). 1. Let x € [0, 1]¢ and consider the cell A,, j(z,©) containing x at depth j < k — 1.

W.lo.g. restrict the study to the one-dimensional cell AS; (x,0) corresponding to the cell A, ;(x,0) along the
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first dimension only, and set AS? (z,©) = [M j; M j]. The one-dimensional cell Agz(az, ©) contains nj points
denoted X1, ... X, (random subsample of the initial training sample). Call Xél), . ,Xénj) the ordered version of

Xy, .. .X,;Lj. Then,

E {(Xél) - Ml,j)2:| < (nJiI)QE [(MZJ' - Ml,j)z} J

and

E [(Mz,j - XZm))T = (nj51)2E (M5 — 157

2. Consider now the cell A,, ;(X1,0) containing Xy at depth j < k — 1. W.Lo.g. restrict the study to the one-dimensional

cell AS’;(Xl, ©) corresponding to the cell A, j(X1,0) along the first dimension only, and set A;{;(Xl, 0) =

[My j; My ;] = [My,;(X1,0); My ;(X1,0)]. The one-dimensional cell AS; (X1,0) contains nj points denoted
{X1.... X5, 1} U{X1} (random subsample of the initial training sample containing X1 and projected on the first

axis). Call X{,, ... ,Xénrl) the ordered version of X1, ... X, _,. Then,

1
E [Xfl) - Ml,j|X1} < —E[(Mz; — Myg)|Xa],
J

and

1
E [M2,j - X{nj_1)|X1} < —E[(Ma; — M)l Xd].
J

Proof of Lemma[B.8|

Notations W.l.0.g. consider the following development according to the first direction only. Let z € [0, 1]¢. Recall that
we consider the cell Aﬁi(m, ©) = [M, j; M> ;] containing « at depth j < k — 1. The cut at M; ; (resp. M> ;) has been
obtained at an anterior depth 77 < j (resp. j2 < 7), as the middle of two order statistics of a previous subsample:

My + M+
2

My + Mo 4

Ml,j = 9 ’

and MQ_J' =
with My ; _ < My ;4 and My j; _ < Mj ; 4. The following computations can be also conducted in a similar way when

M ; = 0or My ; = 1. The current cell Aé}n(:r, ©), includes now n; points of the original training sample, which are
denoted by X7,..., X}, . Remark that as M; ; — and Ma ; 1 refer to anterior order statistics of a previous subsample
(including the points X7, ... ,X,’Lj), then X7{,..., X/ are iid. uniformly distributed in [A;; _; M5 ; 1]. Denote by

L]

X El)’ X énj)’ the ordered statistics of the current subsample X7, ..., X;LJ_ in Aﬁi(m, ©) for some fixed .

First statement - Control of E[(X{,) — M, j)?]. We have

E {(Xfl) - Ml,jﬂ < 2B [(My e — M)’ + 2B {(Xél) - MLH)Z} . 222)

Note that, by definition of M, ;, the quantity M, ; y — M; ; corresponds to a half spacing between two points in the cell
previously built by cutting on the first direction at depth j;, denoted A;})n (x,©). By construction, the spacings between
two consecutive points in Aﬁ)n (z, ©) were the same in distribution. Since points have been removed between Agly)l (x,0)
and A" (z,©), the spacings are larger between consecutive points in A;lr)b(ac7 ©) than between consecutive points in

J1,n
Al (z,©). This leads to

Moo — M. Xl —X!
My — M ;= 1,J,+2 1,5, < (2)2 (1)'
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Therefore, since all variables are bounded,

1 2
B [(Ml,j,+ - Mlg)z] <7E {(sz) - X(’1)> ]

2
X, — X!
1 , . ((2) (1)) ,
< 1B | Ky = X)) E | — =K Xy
(X(nn — X0
Regarding the inner expectation,
(X’ x )
@~ <1>) 2
B | X X,y | = [B(Lnj —9) } (223)
(X<nj> - X(l))
= V[B(1,n; —2)] + (E[B(1,n; - 2)))* (224)
n; —2 1 \°
" 225
(nj —1)%n; +(nj—1> 22
2
226
~ (nj — 1) (226)
Finally,
2 1 / / 2
IE [(M17j7+ - ML_]') S WE (X(nj) - X(l)) (227)
J
1 2
<7]E{M-7Mv]. 228
= 2(n; —1)2 (Mo, 1j) (228)

Regarding the second term in (222)), we have

2 2
E {(X@) - Ml,j,+) ] =B {E [(Xfl) - Ml,j,+> |M1,j,+,XMz,,-,—H

Xél) — M+

2
W T ) My, My
2Ji e 2,5, —

Msj,— — Ml.,j,+>

=B |(Maj— — M ;4)’E <

<E {(sz,— - Ml,j,+)2]E [B(1,n; — 1)2]]
2

< n?E [(Maj— — My j4)°]
2

< ;?E [(Mg’j _ Ml,j)ﬂ .

Finally,

E [(Xgl) -~ Ml,j>2] < (W + %) E {(Mw - Ml,j)ﬂ
< (njil)gE [(Mz,j - Ml,j)Q] :

The second point of the first statement can be proved in the exact same manner.

(1y — M1;[X1].  Inthis part, we study the cell AS% (X1,0). The cell ASg (X1,0)
contains n; data points (including X1). We denote by X7, ..., X}, _; the observations falling into AS% (X1, ©), different

Second statement - Control of E[X/
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from X;. Note that, these n; — 1 observations are still i.i.d. uniformly distributed in [M; ; _; M5 ; ]. We denote by

X£1)7 ... 7X2nj—1)’ the subsample X7, ... aXr/qu- We have

TL]’72

May = My = My = X+ S (X Xyge) + Xy~ M 29
qg=1

Thus,

E [Xgl) - M17j|X1} +E {ngj - Xgnj,l)p(l] = B[M; — My;|X1] — (n; — 2)E [ng,) - X{1)|X1} . (230)

The variables X g 1) and X EQ) being order statistics of a subsample independent of X, one gets
C Xip — Xy
B [X(z) - X(1)|X1} =E|E ]\M|X1»M1,j,aM2a,+1 (M4 — Ml,yy)le] (231)
=E[E[B(1,n; —1)] (My,j,4+ — M ;)| Xi] (232)
= :]_E [(Mzj,4+ — My ;)| X4] (233)
> nlIE [(May — My)|X4] (234)
Finally,
E (X}, - MLJ-\Xl] +E [Mz,j - Xgnj_1)|X1] < (1 . ”jn; 2) E[(Ms; — My )| X1, (235)
= ;E [(Mz,; — My ;)| Xa], (236)
and, by symmetry,
E [X(,) - M /X | < nle [(Ma,; — My )| X)), (237)
and
E [Ma; — X(,, X1 < %]E [(Ma; — M, )|X1]. (238)

J

O

Lemma B.9 (Control of the leaf side and volume of a fully developed median RF). Assume that n > 4 is a power of
two. Consider a median tree of depth k and denote A,, ;;(X1,0©) the leaf containing X,. For all ¢ € {1,...,d}, we
denote K the number of splits along the (-th direction. Let also 8,(X1, ©) be the vector whose components are defined as

0;.0(X1,0) = 1 ifthe j-th cut of the cell Al (X1, 0©) is made along direction ¢ and 0 otherwise. Then,

2
E [M(Ag,)k(Xla 9))|X17 5€<X17 9)} < 2_K€+2 H (1 + n_1> . (239)
j:0; ¢=1, J

In particular, letting Cy = 4exp(5/(v/2 — 1)), we have
E [u(A(X1,0))|X1,8:(X1,0)] < €5 2757, (240)

and

E [1(An k(X1,0))|X1,81(X1,0),...,84(X1,0)] < C27". (241)
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Proof. We write Aff)] (X1,0©) = [M; j, M, ;] the cell of the RF containing X along the direction ¢, at depth j. To lighten
the notations, we omit the dependencies in X1, in © and in £. We also write X7, ..., X, ,’LJ_ the data points contained in the cell

A%)J»(Xl, ©), and we denote by X{,), ..., anj—l) the ordered version of {X7, ..., X7, .} \ {X1}. We suppose that the next

cut is occurring on the ¢-th direction and compute the size of the new cell containing X, Ag )j 11 (X1, ©), so that 4 different
events are possible:

1. X is in the first "part” of the cell, i.e. X; € [Ml}j, Xénj/%l)};
2. X is in the second "part" of the cell, i.e., X; € {Xénf/zﬂ)v Mg,j} ;
3. Xy is in the "middle (lefo)” of the cell, ie. X1 € [X{, 5 1), X(, 1z)]:

4. X is in the "middle (right)" of the cell, X; € {X(n /2)> Xé”j/2+1):|'

The length of the following cell can be therefore decomposed with respect to the previous events:

(Ang(Xl,@)) (24
o1y +X(,
_ (ny/2 1) (n;/2) 7M1,j 1 (243)
2 X1€[M1,j,X{nj/2,1)}
/ !
- Xins/2) +2X(nj/2+1> .
Xle[x(nj/wrl)’jwzvj}
X1+ X, 2)
Ty e VR R , (244)
2 Xle[X(n,j/Zfl)’X(nj/2)i|
XEn/Z) +X1
gy, - M PR (245)
2 Xle[xm /2y X(nj/2+1>}
< (Xl oy - M15) 1 (Mo = X{o ) 1 (246)
(n;/2) — ML Xle[Ml,j,X{nj/z,l)] J (n;/2) X1€|: (njra41) M, ]
(X — M) 1 (Mo =Xl )1 1 (247)
(ng/2) = L Xle[ (nj/2-1)" w/z)] T Xle[xww/z)’xmj/““}
< (Xénj/Q) - Ml)j) 1X1€[M1,j7XEnj/g)] + (Mz,j — Xénj/2)> ]lXIE[X(n /2y Mz 5] (248)
M, ; + My ;

= (Xfu, 20~ M) + (sz - Xén]»m) Lxielx,, M. 249)
_ X/ X/ X/ M 2 Xél) + Xénjil) X/ 1
= (Xlo 2 = Xt ) + (X0 = M) + 2 { =5 = X X120 M2]

- ((Xél) + Xénrl))) - (M + Mz’j)) ﬂXlG[X(n /2y M25] (250

< (X! = XI) + (X — M) +2 Xy ¥ Xy 1
< (Xmy 72 — X m — M 5 (ny/2) | Lx1€lX], ) M2s)

+ (Maj — X(5,—1))- (251)
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Therefore,

E|u(AY (X X1,8,(X

1% nj+l( 17 1 12 1 )

, / Xiny 2~ Xa
S ]E (X(’n,j—l) —X( ))]E W|X1’68(X17@) X(1)7X |X1,6[ Xl,@)
(n;—1) (1)
(n;—1) T X(1) , ' /
+2E |E — e fX(nj/Q) Xl,é’g(Xl,@),X(l),X(nj_l) X1,00(X4,0)
+ E [Xél) — M ; X176Z(X1,9)} + E |:M2’j — Xénrl) X176Z(X1,6)} . (252)

Regarding the first term of (252), remark that by property of the uniform distribution, conditional on X E 1 and X Enj _1ys the
order statistics between 1 and n; — 1 follow Beta distributions independently from X and 6,(X, ©). Therefore,

X! — X!
) X Xy ~ B(n /2 = 1,n/2 1),

/ /
X(n;—l) X(1)
so that
X! - X! ’
(nj/2) (1) , . n;/2 -1 1
E | 2 Wy 80(X0,0), Xfyy, Xy, )| = 5t = o
Xing—1y = X0 W=D 9(ny /2 - 1) 2

Overall the first term of (252) verifies

X o —
E[<inj_nxzn>E m;xl,@, 1 X, - Hxhwm
nj—l 1

=E W|X1,ag(xl,@) (253)
<E {Wmaz(xhe)] . (254)
Regarding the second term of (252), we have

E K- + Xty — X{n./2) ’Xl,ag,xgl),Xgnjl)]
=E l X(n_l)zX(l) ~ (X, )~ X)) ‘Xl’ 8¢, X{a), Xénjn] (255)
= (err—l) - X{1)) E l % - W ‘X1,5e,X(1)7X(n,_l)] (256)
= (X{n, 1) = X(1))E H B(n;/2—1,n;/2 — 1)H (257)
< (X 1y~ Xl)|E UB n;/2—1,n;/2 — 1) — % 2] (258)
< Moj = My (259)

2/, — 1

where the last inequality is simply obtained by computing the variance of a Beta distribution.
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Therefore,

!
Xny—ny + Xy

‘Xh(sé le ) X(1)7Xn-_1] ‘Xla(sé X17 )

Ell

7_1E |:M2,j - MLj

IN

2

Xlaéf(Xla 6):| .

The third and fourth terms of (252)) have the same expression, controlled by Lemma B8}

E |:X£1) - Ml,j

Xl,aaxl,@)] —E [Mg,j X Xl,ae(xl,@ﬂ

1
< —E[My; — My ;|X1,60(X:1,0)].

n;j

Finally, gathering (254), (260) and (262) yields

© M 1 ! 2
|: (An J+1(Xla®)> ‘X176[(X17@):| S E |:M2,_] Ml,]‘X176Z(X17@)} (2 + 9 ’[’L] 1 + nj)

l\J\»—A

5
(1 + ) E [M,,; — Ml,j|X1,6g(X1,®)]
nj —1

(1 4 n5_1> E (i (A0)(x1,0)) X1, 8:(X1,0)]

J

N | =

for all n; > 4. An iterative product yields

E [H (Ane,)k(le@)) ’X1,5e(X1,@)} <E | H % <1+ n5> | X1,6,(X1,0)

]:6‘71@:1
j<k—2
1 )
§:8;.0=1 nj—
j<k—2
-9 Ke+2 H <1+ 5 )
. n; — ’
]:5_7“1{:1 J
J<k—2

which proves the first statement. Recalling that n; = n277,

Zlo ( +23/2> S et
& NN
5 9(logyn)/2
<
V2-1 n
5
-5

we have

)
E[M (Agf)k(Xh )) |X1765(X17@) <2_Ké+2€xp<\/§_1) )

(260)

(261)

(262)

(263)

(264)

(265)

(266)

(267)

(268)

(269)

(270)

(271)

(272)
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which proves the second statement. Note that

E I:/j/ (An,k(XI,G)) ’Xlaél(Xh C—))’ .. '76d(X1,@):| (273)
d
=B ([T n (A(X1,0)) [X1,81(X1,0),...,6u(X1,©) 274)
/=1
d
:HE[ (A“ (X1, )) |X1,65(X1,@)] 275)

d 1 5
<11 11 2<1+n_1> (276)

f:l j:éj‘[zl
j<k—2
1 5
< 14— 277
7]’ 112 2 ( = 1) o
<4x27F 1+ 5 (278)
j<k—2 n;—1
<dx 2 Fexp (2 ) 279)
< Pl 1)

B.5 Proof of the main result (median RF consistency)

Theorem B.10 (Upper bound on the risk of the median forest). Consider a generic pair (X,Y) of random variables such
thatY = f*(X) + ¢, where ||0¢ f*||2, exists for all € € {1,...,d}, X is uniformly distributed on [0,1]* and the noise ¢
satisfies, almost surely, E[e|X] = 0 and V[g|X] < o2 Constder n > 16 i.i.d. observations, where n is a power of two,
distributed as the generic pair (X,Y"). Then, the risk of the infinite median forest trained on this data set satisfies

logyn
E[( (X)) = f1(X) }<01 (ZHM*P ) (1—3> +0°Ca alogyn)~ =172 (280)

with

424+ /5 5 ¢
Cy = 1024 exp (2_\\/g> and Caq =2 (32 exp <\/§_ 1) ) 442, (281)

In particular, the infinite median forest is consistent, that is

lim E {( MedRF(x) _ f*(X))ﬂ =0. (282)

n— oo
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Proof. We begin with a simple bias/variance decomposition:

E [ (f20R7 (X) — (X))

& (E

=E (ZE@ m X @)] (f*( -

where the penultimate line comes from the fact that

> ko

—E (ZEe Woi(X, ©)] (F*(Xe) — (X

ni(X,0)] =Eg

ros]

_E (ZE@ Wns(X, ©)] (f*(Xi) + &) -

m)

+ZE@ Woi(X,0)] e ))]
))) +E [(ZE@ [Whi(X, ©)] Ez)) ] ;

i=1

f: Wi (X, e)] =

i=1

(since all leaves contain exactly one observation), and the last line results from a null cross product.

Controlling the bias We have,

<E Z]lXEA (x..0) (f”
Li=1

because Wy,;(X,0) = 1 xca, (x,,0) and by applying twice Jensen inequality (third and fifth lines). Noticing that,

d
Ixea,x.olf(X)— (X)) <>
=1

S

(=1

TN 2
3 WX, O)(*(X,) = £1(X) ) ]

n 2
<E < Txea,(x,0)(f (Xi) —f*(X))> ]

(Xi) = f*(X))ﬂ ;

10 f* |00l X = XOLxca, (x,.0)

106 loo (AL (X, ©)) Lxea, (x,.0),

(283)

(284)

(285)

(286)

(287)
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we get,

2

E Z]lxeAn(Xi,e) (f*(Xi) — f*(X)>2] <E ZﬂXeA (X,,0) <Z |<9zf*||ooM(A£l€)(X7@))>
i=1

{=1

- ,
<E (leaef*lloou(A;@(X,@))) (288)

(=1
d
< (Znamzo) ZE[ (4 (x.0)7]. (289)
=1

where the last inequality directly results from Cauchy-Schwarz inequality. By Lemma|B.7| since & = |log, 1],

d d log, n
(Z ||8ef*|io> > E [ (AP (X,0)) ] <cd (Z ||5'zf*||go) (1 - 43d> : (290)
=1

(=1
with
42+ /5
C =1024¢ — . 291
Xp ( 2— 2 > (291)
Controlling the variance Following Biau|(2012), the variance term of the median forest writes
2 [ n
Li=1
-F Z (o [Wyi(X,0))°E [€71X, X1, ... ,Xn}] (293)
Li=1
<E | (Ee [Wai(X,0)))? 021 (294)
Li=1
< o*nE [(Be [Wo (X, ©)))°], (295)

where we have used the fact that the cross products are null (since E[e;|X;] = 0). Since each leaf of the median tree contains
exactly one observation, denoting ©’ an i.i.d. copy of ©, we have

(Eo [Wa1(X,0)])* = Ee [Wn1 (X, 0)] Eer [Wa1 (X, 0)]
=Eo,0/ [Wn1(X,0)W,1(X,0')]

= Koo/ []lxeAn(Xl,@)]lXeAn(XL@’)] :

Consequently,

2
(Z Ee [Wni(X,0)]e > < [Ixea,(x,.0)lxea,(x,.0) -

For all £, we let A% (X1, ©) be the cell A, (X7, O) projected onto the ¢-th dimension. Let also d,(X1, ©) be the vector
whose components are defined as d;; = 1 if the j-th cut of the cell AP (X1, ©) is made along direction ¢ and 0 otherwise.
We define similarly d,(X;, ©’) for the cell Al (X1,0). We also let K; = ||6,(X1,0)|1 (resp. K) be the number of
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times the ¢-th direction is split in the tree built with © (resp. ©’). Then,

[(zmo (X)) )}

< o’nkE [ﬂXeA (X1,0)NA, (X1, 6’)]

= o’nE H,u( 0)N AV (X, @))

=co’nkE |E

d
B[] (A0(x1,0)naf(x1,0))

{=1

X1,00(X1,0),0,(X1,0")

d
— o%nE H (A“) Xl,@)mA;@(Xl,@/)) X1,80(X1,0),80(X1,0)

The last equality is obtained by conditional independence: indeed, as the X;s are uniformly distributed, the positions of the
coordinates do not influence each others. Therefore only the number of cuts along the other directions will influence the
length the cell along a given direction, hence the conditional independence. Now,

E | (A nAY(x,,6)) |X1, 8:(X1,0), 8¢(X1,©)

<E [mm (AU Xl,@)),N(A;@(Xl,@'))‘Xl,af(xh@),&(Xl,e’)]

1

=5 (B |uA(x1,0 Xl,ée(xl,@)} +E [u(Asf) (X1,0") Xl,az(Xl,@’>]>

(1
- 5 [IH(A061,0) - A (61, 0] 1,813, 0),8:(1,01) .
Moreover,
B (A (X1, ) — n(A (X1, 0))]| X1, 8:(1,0). 811,01
=E {W(A%)(Xl,@)) — AP (X1,0")] <1Kg<Klf + 1K@2Ké) ’X1,54(X1, 9)754()(1,@/)}
> B | (1A (X1, ) ~ n(AL(X1.6)) | X1.64(%1,0).8(X:,0)] T
| (440061, 0) ~ u(A(51.6)) [%1.8061,0), 3061,6) | Tacsre

> (B [u(A) (X1,0))|X1, 8,(X1,0)| — B [1(AL) (X1, 0)|X1,80(X1,0')| ) L,

+ (B (AL (X1,01)|X1,61(X1,01)] — B [n(AL (X1,0))[X1.0/(X1,0) ) T2

Letting B, = E [M(Aﬁf) (X1,0))| X1, 80(X1, @)] and B, = [M(A;‘”(Xl, 0))| X1, 8,(X1, @/)], we have

7 (A;@(Xl, ©) N AP (X1, @’)) ’Xl, 80(X1,0),80(X1,0)

1 1
<5 (Be+ By) = *(Bz Bi)lk,<x; = 5(By = Bl >k,
< Bilg,>k; + Bilg,<k;-
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Now, according to Lemma letting Cy = 4exp(5/(ﬁ — 1)), we have By < Co2~ ¢ and By < Cy2~ Kt Therefore,

E < OQQiKZ]lK[ZKz + OQQiK’:]lK€<Ké

p (A9 (X1,0) N AP (X1,0)) |X1, 8¢(X1,0),8¢(X1,0")

< 092 max(Kg,Ké).

Overall,

E (i]E@ [Wm(X,G))]si> <o®n | []B |n (AP (x1,0) N AP (X1,0)) ’Xl,ag(xl,@),ag(xl,@’)H
i=1

L{=1
(296)
rd
< o’nE H Co2™ max(Kf’KH] (297)
Li=1
< 02CinE {2— Si max(KvaD} (298)
< 02Cdn 27FE [2— S le—Kél] , (299)
since
d 1 1 1
"N o / ’
ZmaX(Kf7K4) = gsz + ing"_ §Z|K£ _KE‘
=1 =1 =1 =1
1
— !
= kn+§Z|Kg—K¢\.
=1
According to Lemma S.1 from Klusowski| (2021 (see Supplementary Materials), one has
d gd/2
—S4 K, ~K/ 8% d
]E[2 o= 1K 1{‘:| < W (300)
Finally, combining (299) and (300), the variance of the median forest is upper bounded by
n 2
o k. 8d dd/2
E Z;E@ (Woi(X,0)]e; | | <o?Cin2 LT (301)
d
< 202 (8 Cy dY/ 2) (logyn)~(@=1/2, (302)
since k,, = [log,(n)]. Allin all,
B[ (f20mF (x) - f*(X))]
d 3 logyn d
cca(Ylori) (1-5)  +20 (3Cad ) togym -0
= 4d
with Cy = 4exp(5/(v/2 — 1)) and
42 5
C = 10240xp [ 2HV5) (303)
2-V2
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B.5.1 Controlling the variance of an interpolating Median RF in an asymptotic high-dimensional setting

The following result shows the decrease of the variance of the Median RF under an asymptotic high-dimensional framework.
It is also numerically illustrated in Section|C.1.3]

Proposition B.11. For all d > log, n, the variance of the infinite interpolating Median RF fMIRY yerifies

oo,n

2
- 4C30? logZn
MedRFy _ Z , , < 20 2 (4 _ 2
V( oo ) E <i1 E@ [an(X, @)] 81> < n + 2020’ <1 exp ( P 10g2 n)) R

where Cy = 4 exp (5/(\@ — 1)) Suppose that the input dimension d dominates logg n asymptotically (d > logg n), then
. . . . log?n 1

the variance tends to 0 (as n, d tends to infinity), with a rate of the order of max (=%, ~).

The proof is given below. This results shows that the Median RF benefits from an increase of the dimension as it will
improve its averaging effect and help to reduce the variance. Of course, in such a setting, the variance is only one part of the
story, and a control on the bias becomes a real hindrance (as the approximation error may explode), unless extra model
assumptions are formulated. For instance, consider for any input dimension d the case of a linear model, ie. Y = X 70 + ¢
for & € R? and such that ||||» < C/v/d, with C' > 0 a constant. One can actually show that in such a setting, the bias term
remains bounded as n (and d) grows towards infinity (using for example the analysis conducted in the next theorem). This
echoes in particular the behavior of ridgeless least squares estimator in modern interpolation regimes (see, [Hastie et al.}
2022).

Proof of Proposition[B.11] A typical bias-variance decomposition yields (see e.g. [Biau/ (2012))

V( MedRF) S O'QHP (X c An(Xl?@) mAn(Xlael)) (304)

with ©’ an independent copy of ©. Recalling that the depth is chosen as k = |log, n|. Consider the event
E=E(©,0,X1,k) := {06 and ©' do not cut on common directions on the path to X1 }.

Denote M (©, X ) the number of distinct directions chosen by the tree © to produce the leaf containing X (upper bounded
by log, n). Then,

_ logy n
pe) > 2| (1EM01) ) a0
-] logy, 1
> (dogw) (306)
d
1
= exp (10g2 nlog (1 — O%j n)) 307)
2
> oxp (12827 (308)
d—logyn

using, for all z € [0,1), log(1 — x) > —x/(1 — x). The above probability tends to 1 as soon as d > lo 2n. Then,
g ) g p y 255

P (X € A,(X1,0) N A, (X1, 0)) (309)
=P ({X € Ap(X1,0) N An(X1,0)}NE) + P({X € Ay(X1,0) N An(X1,0)} N E)
<P (X € Ap(X1,0)|X € An(X1,0), E)P (X € A,(X1,0) + P({X € A,(X1,0)} NES).  (310)

Applying Lemma [B.9] (Line (241)) yields
P(X € A,(X1,0") =E[u(A,(X1,0)) (311)
=E[E [1(An(X1,0))[X1,61(X1,0), ..., 84(X1,0)]] (312)
<027k (313)
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with Cy = 4exp (ﬁ) Moreover, conditional on E, {X € A, (X;,0)} and {X € A,,(X1,0’)} are independent as

© and ©’ do not share any common direction on the path to X; and therefore the splits in © and O’ are performed on
independent sample components (by uniformity of X and X). Therefore, also by Lemma[B.9]

P(X € A,(X1,0)|X € A,(X1,0'), E) =E |1 (An(X1,0))] (314)
=E[E[u(A,(X1,0))][X1,01(X1,0),...,64(X1,0)]] (315)
< Cy27F, (316)

Similarly, the volume p (A,,(X1, ©)) is independent of the directions chosen to build the leaf, therefore

P({X € A,(X;,0)} N E°) = P(X € A,(Xy,0)) P (E°)

1 2
< (0,27 1—exp _ 0% .
d—logyn

Overall,
/ 269—2k —k logan
P(XEAn(Xl,@)ﬂAn(X17@)) SOQQ —|—022 1—exp _——
d—logyn
and
1 2
V(fMedRF) < 025292k | 1520, (1 — exp [ — 020 ) ) ok, (317)
’ d —logyn

Since k = |log, |, we have 27% < 2/n and

2 2 lo 271,
y(pMeanry o AC07 o0 (1 _ edfizgzn) . (318)
n

co,n

B.5.2 Proof of Proposition [5.3| (Interpolation volume of Median RF)

It is possible to conduct a one-dimensional analysis and then to extend the result to the multi-dimensional case by a simple
multiplication. Indeed all the leaves are determined coordinate per coordinate, therefore the interpolation area is the product
of all interpolation areas along each direction.

Let Zy,. .., Zy, be ni.i.d. random variables uniformly distributed over [0, 1]. As in the infinite Median RF, the univariate
trees, i.e., built by cutting along one direction only, appear almost surely. Then, the length of a leaf of such tree is bounded
in expectation by Zj, 1) — Z(x—1) Where Z;) indicates the i-the statistical order. Moreover, it is known that Z(;, follows a
Beta distribution of parameters (k,n — k + 1). Therefore,

kt+1l k-1
E[Zwry =~ Ze-v] = 57— oo (319)
<2 (320)

n

Now, as X1, ..., X,, are i.i.d. and uniformly distributed over [0, 1]¢, for any data point z € [0, 1]¢ we simply have that

2d
E [U(Amin,w)] S ﬁ

Finally, since by definition all interpolation zones are disjoint and the interpolation area is the union of n interpolation areas,
we have
2d
E [M(Amin)] < F

which ends the proof.
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B.6 Proofs of Section |§| (Interpolation volume of Breiman RF)

Proof of Proposition[6.1] Before diving into the computations, let us recall two facts about Breiman RF construction. First,
in CART, each cut is made at the middle of two consecutive points in a given direction. Second, considering all univariate
trees (trees whose splits are performed along one single direction), the probability of cutting between all pairs of successive
points along all dimensions is strictly positive. Therefore, for a given point X;, one can define the minimal interpolation
zone around X; as

Aminx, =[] Ax.oun (321)

MeN,®

The boundaries of this area are given for each direction by the cuts between X; and its neighbor points respectively to the
considered direction, as illustrated on Figure@

Minimal
- interpolation
L4 zone
(&)
Potential
! |:’ interpolation
zone
(&)
(<)

Figure 6: Different interpolation zones of a data point (in red).

1. The interpolation zone is the union of n interpolation zones, each one containing a single X;. We denote
Amarn(,Om)) = Ax, @y U... UAx, @, With Ax, o,, = {z € [0,1]%, mus (2, ©n) = Y;}. We begin with a
one-dimensional analysis, and consider, without loss of generality, the first variable. We let 77 := X 1(1), vy L 1= X,(LI)
the first components of the observations Xy, ..., X,,. As X1,..., X, are i.i.d. and follow a uniform distribution over
[0,1]4, Zy, ..., Z, are i.i.d. and uniformly distributed on [0, 1]. We consider the interpolation area at z = Z,, and we
reason conditional on Z,, in the following. The length (volume) of A, .. restricted to the first dimension is simply
given by the sum of the distance from x to its closest point on the left side and to its closest point on the right side
(divided by 2 as the cut are made in the middle of two points). Therefore,

1
Aping) = = — Z; i Z; — . 322
2 ) 2 (x {z,i,zr&%u{o} +{z,i,zr£1£}u{1} x) (322)

All computations are made conditionally on 2. Denoting N, the cardinal of the set {Z; : Z; < x with 1 < i < n}, we
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have for any ¢ € [0, 2/2),

P (1 <x z) <t |x) (323)
{Z“Z <x}u{0}
—P ( max Z; <ax—2t |1’) (324)
{zl,z <z}u{o}
—EE[P((Zi, <z —=20)N..0(Ziy, <x—2)|Ny, Ziy <., Ziyy, <,1)]|2] (325)
_E [ (Z) <z — 2|2, < z,2)™" x] (326)
n—1
1= P(N, =kl2)P(Z) <z —2t|Zy < z,2)" (327)
k=0
n—1 k
— 2t
—1- Y P(N, = k|z) (I ) (328)
k=0 z
r—2t\\"!
:1—((1—x)+x( - )> (329)
=1-(1-2t)"! (330)

where the penultimate equality is obtained by noticing that N, is a binomial of parameters (n — 1, ) and computing
its probability-generating function. So for all ¢ > 0,

1
P(=(x— Zi)<tlz)=1-—(1Q-=20""11,_,/o.
(5 (- ) <tie) 1= 0200 M0
By symmetry,
1 . n—1
’ <2 <{Zi,z?;la?}u{1}Zi - x) = t|x> =1-{-2) b=

Overall, using the fact that for any positive variable Z with cumulative function Fiz, E[Z] = [(1 — F), we have

x/2 (1-=)/2
/ (1 —2u)" du + / (1 —2u)" du
0 0

=2 (-2 ")

1
(1_1>,
n 2n

Now, as X1, ..., X,, are i.i.d. and uniformly distributed over [0, 1]¢, for any data point z € [0, 1]¢ we simply have that

E [/J(Amin,r) \x]

IN

Amin,J, - >< Amzn 20 -

Therefore,

Finally, since by definition all interpolation zones are disjoint, we have

E [p(Amin)] < 5 (1-27)".

. It is enough to notice that the minimal interpolation zone is the intersection of all the potential interpolation zones. It is
reached when the forest contains all the possible cuts. Then, as the probability of any given cut appearing is strictly
greater than O by hypothesis, the probability of its appearance in the infinite forest is one. Therefore almost surely,
when M grows to infinity, the interpolation zone of the forest reaches the minimal interpolation zone.
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C Experiments

For all experiments, we consider four different regression models, most of which have been already considered in|Van der
Laan et al.|(2007): Model 1 is additive without noise (d = 2), Model 2 is polynomial with interactions (d = 8), Model 3
is the sum of elementary terms that contain non-polynomial interactions (d = 6) and Model 4 (d = 5) corresponds to a
generalized linear model:

s Model 1: d =2, Y = 2X? + exp(—X?2)

e Model 2: d = 6, Y = X? + X3 X3e ¥4l 4 X5 — X4 + N(0,0.5)

e Model3: d =8,Y = X1 Xo + X3 — XuX5 + X X7 — X2 + N(0,0.5)

« Model 4: d = 5,Y = 1/(1 +exp(—10(X%, X; — 1/2))) + N(0,0.05)

e Model 5: d = 4,Y = —sin(2X; X5) + X2 + X3 — X + N(0,0.5)

* Model 6: d = 8,Y = T x, 50 + X5 + Lixyt X XoXr_xs>1) + € X2 +N(0,0.5)

« Model 7: d = 4,Y = X;+2(X; 4)%%%@(%&)% cos(2m X ) +4 sin(2m X )% +4 cos(2m X ;)2 +
N(0,0.5)
s Model 8: d =4,Y = X; +3X2 —2e%3 + X.
All the experiments are conducted using Python3. We use the Scikit-learn RandomForestRegressor class to implement the

Breiman RF model. We coded CRF, KeRF and Median RF models ourselves, mainly relying on numpy and joblib libraries
for computation optimisation. Experiments were run on 4 16-cores CPU and took at most a few hours to run.

C.1 Consistency experiments

For all consistency experiments, the dataset was divided into a train dataset (80% of the data) and a test dataset (20%) of the
data.

Unless specified otherwise, the parameters of the estimators were set as follows:

« all RF estimators have 500 frees to mimic the behavior of the infinite RF.

» parameter bootstrap is set to False for all estimators in order preserve the interpolation property, or set to True when
specified.

* all other parameters are set to default value.

C.1.1 Consistency of KeRF in the mean interpolation regime

We train a centered KeRF (with M = 500) of depth fixed to |log, n| 4+ 1 (mean interpolation regime) for different sample
sizes n and evaluate the empirical quadratic risk on the test set.

Results On Figure|/| for all models, the risk decreases towards zero as the number of samples n increases (with slow
convergence rates). These numerical results, even though obtained for a finite KeRF with a large number M = 500 of
centered trees, support the theoretical consistency of the infinite KeRF in the mean interpolation regime (see Theorem {.T).

C.1.2 Consistency of Median RF in the interpolation regime

We analyze the empirical performances of the Median RF in a noiseless and a noisy setting on the models specified above.
For each model, given a training set, we train the Median RF (with M = 500 trees) until pure leaves are reached, and
measure its excess risk on a test set.

Figure [8| shows that the excess risk of the Median RF decreases as n grows. These empirical performances lend support to
the idea that Median RF are consistent even with a finite number of trees and beyond the noiseless setting.
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Figure 7: KeRF consistency results: excess risk w.r.t. sample sizes. For each sample size n, the experiment is repeated 30
times: we represent the mean over the 30 tries (bold line) and the mean = std (filled zone).
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Figure 8: Consistency results for a Median RF with M = 500 trees: excess risk w.r.t. the sample size n. For each sample
size, the experiment is repeated 30 times: we represent the mean over the 30 tries (bold line) and the mean =+ std (filled
zone).

C.1.3 Consistency of Breiman RF, additional models to Figure 1

We assess the consistency of Breiman RF on Figures [9] and [I0] The excess risk of both RF decreases towards 0 as n
increases.

C.1.4 Consistency of Breiman RF with max-feature=1

On Figure[TT] we see that the excess risk of a Breiman RF with the max-features parameter set to 1 is decreasing towards 0
as n increases. This RF seems consistent for all models.

C.1.5 Decrease of the variance of the Breiman RF in a high-dimensional setting

Numerical experiments show the decrease of the variance of interpolating Breiman RF when d increases (Figures|12|and
. The model involves no signal and only noise (with specified variance o2).

C.1.6 Comparison of Breiman RF with and without bootstrap

We compare the performances of Breiman RF with and without bootstrap on Figure[T4]

Adding boostrap yields better performances compared to simply diversifying the trees via feature randomization.
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Figure 10: Consistency of Breiman RF: excess risk w.r.t the sample size n. RF parameters: 2000 trees, max-depth set to
None. Boxplots over 10 tries.

C.2 Interpolation experiments
C.2.1 Volume of the interpolation zone w.r.t sample size

We numerically evaluate the volume of the interpolation area of a Breiman RF (with 5000 trees, see Figure|17|in Appendix
[C:2) for details about this choice) when the sample size n increases.

In Figure[T3] the volume of the minimal interpolation zone is shown to tend polynomially fast to O (linear in the logarithmic
scale) for all considered models as the dataset size increases, matching the behavior of the theoretical bound established in

Proposition [6.1}

One could notice the slight gap between the theoretical and experimental curves, which actually reflects the gap between
an infinite forest (for which Proposition [6.1] holds) and its approximation by a finite forest (5000 trees here). This gap
naturally tends to increase with n (when the number of trees is fixed) as the approximation of the infinite RF by a finite one
deteriorates with n.

Increasing max-feature parameter We plot on Figure[I6|the log-volume of the interpolation zone of a Breiman RF
with the max-features parameter set to [d/3] (the default value proposed in R randomForest package). The volume
decreases polynomially in n but slower than when max-features= 1 (Figure [I3) which is to be expected: choosing
max-features= 1 should increase the diversity of the splits and therefore reduce the volume of the interpolation zone.
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Figure 11: Consistency of Breiman RF: excess risk w.r.t sample size. RF parameters: 500 trees, max-depth set to None,
max-features= 1, no bootstrap. Mean over 30 tries (doted line) and std (filled zone).
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Figure 12: Decrease of the variance of an interpolating Breiman RF with max-features=1 w.r.t. dimension d. 10
repetitions per boxplot, 5000 training points and 50000 testing points were used for each repetition. The Breiman RF
contains 1000 trees.

C.2.2 Volume of the interpolation zone w.r.t number of trees

In this section, we empirically measure how fast decreases the volume of the interpolation zone of a Breiman RF when its
number of trees M increases, and how close the interpolation zone gets from the minimal interpolation zone.

To this end, for a fixed sample size n = 500, we numerically evaluate the volume of the interpolation area when the number
M of trees in the forest grows. This volume is anticipated to be a non-increasing function of M (for M = 1, note that
the interpolation volume is 1, the volume of [0, 1]%), but its decrease rate highly depends on the data geometry, making
its theoretical evaluation difficult. The numerical results in Figure[I7|show a fast decay towards zero of the interpolation
volume for all models, already tiny from M = 500 trees. Furthermore, it seems to converge to the theoretical bound (dotted
line) derived in Proposition [6.1] for an infinite RF with a max-feature parameter equal to 1.

C.2.3 Analysis of the interpolation property of Breiman RF with bootstrap

In this experiment, we try to measure how close a Breiman RF with bootstrap on is from exactly interpolating (with other
parameters being 500 trees, max-depth set to None, max-features= d). To this end, we measure the difference between the
true train labels (the Y;s) and the predicted ones (the Y;s) by computing

1 |Y; — Y;]
o 1= = Y
los: n

The closer is this quantity to 0, the closer is the forest from interpolating. On Figure 8] we plot different quantiles of the
above quantity as n varies.

For instance, if we take the 0.8-quantile in red on Figure[I8]and look at the upper-right plot (model 2), we read that the Jjs
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Figure 13: Decrease of the variance of an interpolating Breiman RF with max-features=|d/3| w.r.t. dimension d. 10

repetitions per boxplot, 5000 training points and 50000 testing points were used for each repetition. The Breiman RF
contains 1000 trees.
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Figure 14: Consistency of Breiman RF: excess risk w.r.t sample size. RF parameters: 2000 trees, max-depth set to None,
max-features= 1. Boxplots over 10 tries.

roughly equals 0.6 for 80% of the points. This quantity seems globally constant in .. Finally, the quantiles are smaller in
the case of a strong signal-to-noise ratio (models 1 and 4) than in the case of a bigger one (models 2 and 3).

On Figure[T9] we also plot the quantiles of the Jj for the four different models while the number of trees varies. Adding
trees does not significantly change the value of the different quantiles.
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Figure 16: Log volume of Breiman RF interpolation zone w.r.t. sample size n. RF parameters: 500 trees, no bootstrap, max
features = [d/3]. Mean over 10 tries (bold line) and std (filled zone).
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Figure 17: Log volume of Breiman RF interpolation zone w.r.t. the number M of trees. RF parameters: no bootstrap, max
features = 1. Mean over 10 tries (bold line) and std (filled zone). Sample size n = 500.
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Figure 18: Ioss of a Breiman RF w.r.t sample size n. RF parameters: 500 trees, bootstrap on, max-features= d, max-depth
set to None. Mean over 30 tries (doted lines) and std (filled zones).
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Figure 19: [}, of a Breiman RF w.r.t number of trees. Parameters: bootstrap on, max-features= d, max-depth set to None.
Sample size n = 1000. Mean over 30 tries (doted lines) and std (filled zones).
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