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Abstract

We define infinitesimal gradient boosting as a limit of the popular tree-
based gradient boosting algorithm from machine learning. The limit is consid-
ered in the vanishing-learning-rate asymptotic, that is when the learning rate
tends to zero and the number of gradient trees is rescaled accordingly. For
this purpose, we introduce a new class of randomized regression trees bridging
totally randomized trees and Extra Trees and using a softmax distribution for
binary splitting. Our main result is the convergence of the associated stochas-
tic algorithm and the characterization of the limiting procedure as the unique
solution of a nonlinear ordinary differential equation in a infinite dimensional
function space. Infinitesimal gradient boosting defines a smooth path in the
space of continuous functions along which the training error decreases, the
residuals remain centered and the total variation is well controlled.
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1 Introduction and main results

1.1 Background

Trying to understand how a set of covariates X = (X1, ..., X?) impacts a quantity of
interest Y is a major task of statistical learning and machine learning that is crucial
for predicting the response Y when only X can be observed. Among many modern
numeric methods such as random forests or neural networks, gradient boosting is a
prominent one, as demonstrated by the incredible success of XGBoost (Chen and
Guestrin, 2016) in machine learning contests. This paper proposes a first in-depth
mathematical analysis of the dynamics underneath gradient boosting.

In a prediction framework, statistical learning aims at approaching the performance
of the Bayes predictor which minimizes the expected prediction loss and is defined
by

fr= arg min E[L(Y, f(X))]. (1)



Here f : [0,1]? — R is a measurable function called predictor and the function L,
called loss function, measures the discrepancy between observation Y and prediction
f(X). For instance, the fundamental task of regression uses the squared error loss
L(y,z) = (y — 2)* and the Bayes predictor is the regression function f*(z) = E[Y" |
X = z]. Because the distribution of (X,Y") is unknown and accessible only through
a sample of observations (x;,¥;)1<i<n, the optimization problem (1) is replaced by
its empirical counterpart

arg;ninizn:[,(yi, f(z)). (2)

i=1

Here optimization is not performed over the entire function space because it would
yield an overfit. In regression, interpolating functions may achieve zero loss but with
poor generalization capacity to new observations. Common strategies are to restrict
the problem to smaller parametric classes (e.g. linear regression, neural network)
and/or to add penalties that impose more regularity of the solution (e.g. smooth-
ing splines, generalized additive models). The choices of a suitable parametric class
and /or of suitable penalty terms for regularization are critical and related to the gen-
eralization capacity of the predictor in relation with under/over-fitting. When using
a parametric model, algorithms from numerical analysis, such as gradient descent
and their variants, can be used efficiently to solve the associated finite-dimensional
optimization problem. For more general background on statistical learning, the
reader should refer to Hastie et al. (2009).

With a different strategy, the gradient boosting method, as proposed by Friedman
(2001), is an original approach to tackle the optimization problem (2) directly in
the infinite dimensional function space. Akin to gradient descent, it is a recursive
procedure that tries to improve the current predictor by performing small steps in
suitable directions. A “suitable direction” is obtained by fitting a predictor, called
base learner, to the residuals of the current model (i.e. the negative gradient of
the empirical loss at the observation points). In practice, the most successful base
learners are regression trees — a precise description of regression trees and gradient
boosting are provided in the next subsection. Efficient implementation in the R
package GBM or Python library XGBoost makes tree-based gradient boosting one
of the most useful techniques from modern machine learning.

The development of boosting started with the algorithm AdaBoost for classifica-
tion by Freund and Schapire (1999), where the idea to combine many weak learners
trained sequentially in order to improve the prediction proved successful. Friedman
et al. (2000) were able to see the wider statistical framework of stagewise additive
modeling which lead to gradient boosting (Friedman, 2001) and its stochastic ver-
sion (Friedman, 2002). In the mathematical analysis of boosting, the main issue
discussed in the statistical literature is consistency, i.e. the ability of the procedure
to achieve the optimal Bayes error rate when the sample size tends to infinity. Such
consistency results where proved for AdaBoost (Jiang, 2004), more general boosting
procedures (Lugosi and Vayatis, 2004; Blanchard et al., 2004; Zhang and Yu, 2005)
or an infinite-population version of boosting (Breiman, 2004). These papers mostly
use the fact that the Bayes predictor can be approximated by linear combinations



taken over a class of simple functions (such as trees) together with some measure of
the complexity of the class (such as VC-dimension).

The precise dynamics of the boosting procedure are seldom considered, an exception
being the study of linear L2-boosting by Biithlmann and Yu (2003), where the authors
consider a linear base learner and provide an explicit expression of the associated
boosting procedure relying on linear algebra. Then, the precise knowledge of the be-
havior of the base learner eigenvalues in the large sample limit allows them to derive
consistency. In this linear framework, Dombry and Esstafa (2020) recently intro-
duced the vanishing-learning-rate asymptotic for linear L2-boosting. They proved
that, as the learning rate converges to zero and the number of iterations is rescaled
accordingly, the boosting procedure converges to the solution of a linear differen-
tial equation in a function space. The motivation comes from the fact that small
learning rates are known to provide better performances and are commonly used in
practice (Ridgeway, 2007). This vanishing-learning-rate asymptotic sheds some new
light on linear L2-boosting, putting the emphasis on the dynamics of the procedure
with finite sample size, rather than on its consistency as the sample size tends to
infinity.

In the present paper, we extend the vanishing-learning-rate asymptotic beyond lin-
ear boosting and obtain the existence of a limit for gradient boosting with a general
convex loss function and non linear base learner given by regression trees. Dealing
with trees implies new technical issues because the state space of the boosting se-
quence is now truly infinite dimensional, while the proofs in Dombry and Esstafa
(2020) rely on assumptions ensuring that the boosting sequence remains in a finite
dimensional space. To tackle this issue, we work in a suitable space that we call the
space of tree functions. The construction relies on a new encoding of regression trees
by discrete signed measures, see Section 3. Another issue with regression trees is
their non-linearity and discontinuity with respect to the training sample. Both are
due to the splitting procedure that makes use of the response variable in a greedy
way, where the arg max functional underneath the best split selection is not contin-
uous. This has lead us to design a new class of randomized regression trees, that
we call softmaz regression trees, where the classical arg max selection is replaced by
a softmax selection. An important feature of this model is that the expected tree
is Lipschitz continuous with respect to the training sample, which makes it possi-
ble to develop the differential equation approach from Dombry and Esstafa (2020).
Now the dynamics are driven by a nonlinear differential equation and the Lipschitz
property ensures the existence and uniqueness of solutions.

We shortly mention the limitation and perspectives of the present work. Strong
regularity properties of the expected base learner are assumed that are tailored for
the two main important tasks of statistical learning that are least squares regression
and binary classification. Further statistical tasks such as quantile regression of
robust regression are not covered by the theory we develop here and should be
the subject of further research. We establish here a probabilistic theory for the
vanishing-learning-rate asymptotic of gradient boosting based on a finite and fixed
sample. The variability with respect to the sample distribution and the large sample
behavior should be considered in a future work putting the emphasis on statistical



issues. Partial result for linear boosting are provided in Dombry and Esstafa (2020)
with a bias/variance decomposition of the training and test errors.

The remainder of this section is devoted to a description of our main results with
limited technical details. We present our framework for tree-based gradient boosting
and our main results concerning the existence of the vanishing-learning-rate asymp-
totic (Theorem 1.9) and the characterization of its dynamics in terms of a differential
equation (Theorem 1.11). The technical material required to state and prove our
results is developed in the next three sections. Section 2 focuses on the base learner
and develops the theory of softmax regression trees. Section 3 is devoted to the
construction and study of a new function space tailored to the analysis of tree-based
gradient boosting. Section 4 proposes a detailed analysis of the vanishing-learning-
rate asymptotic for gradient boosting and the associated dynamics. Finally, all the
technical proofs are postponed and gathered in Section 5.

1.2 Regression trees and gradient boosting

Regression trees

Gradient boosting is usually implemented with regression trees as base learners.
Contrary to random forest where fully grown trees are used, gradient boosting usu-
ally makes use of shallow trees, typically with depth between 1 and 5. We refer to
Ridgeway (2007) for practical guidelines on gradient boosting. We describe below
the classical regression tree models and also introduce a new model that is crucial
in our theory.

The original regression tree by Breiman et al. (1984) is a recursive top-down proce-
dure that uses binary splitting to partition the feature space into hypercubes called
leaves. Each split is greedy in the sense that it minimizes the mean squared error.
More precisely, define the mean squared error on a region A by
1 & _
mse(A) = - > (Wi — (A)* La(xs), (3)

=1

where y(A) denotes the mean of {y; : x; € A}. A split of region A into two sub-
regions Ag and A; gives rise to a decrease of the mean squared error equal to

mse(4) — mse(Ao) — mse(A1) = - (n(40)[5(A0) ~ HA +n(A)[5(A) ~ FAP),

where n(Ay) denotes the number of observations in Aj. The algorithm maximizes
this decrease over all admissible splits, where an admissible splits consists in dividing
the hypercube A into two hypercubes Ay and A; according to whether some variable
X7 is below or above threshold. The search for the best threshold requires mostly
to sort the observations according to the value of X7 and to compute cumulative
sums of the corresponding values of Y. This is repeated p times to determine both
the optimal split variable X7 and the optimal threshold. For large sample and/or
high dimensional covariate space, this can still be computationally expensive and
the computational burden can be alleviated by the use of Extra-Trees (Geurts et al.,
2006). In this algorithm the splits are randomized and optimization is not performed

5



over all admissible splits, but only among K random proposals, with K a parameter
of the Extra-Trees algorithm. For both algorithms, the regression tree of depth d
is grown recursively by applying the greedy binary splitting procedure to the 241
leaves of the regression tree of depth (d—1) — starting from a 0-depth tree consisting
of a unique leaf defined as the entire hypercube [0, 1]P. This results in a partition of
[0, 1] into 2¢ regions, or leaves. Note that the Extra-Trees algorithm with K = 1
involves no optimization and reduces to the so-called totally randomized tree where
the splits do not depend on the input. On the opposite, as K — oo, Extra-Trees
approaches Breiman’s regression tree.

Our analysis requires a regularity property of the (expected) tree output with respect
to its input (y;)1<i;<n that is not satisfied by the two aforementioned models. This
lack of regularity is due to the discontinuity of the arg max operator. It is indeed
well-known that regression trees tend to be unstable since small modifications in the
input may modify the first split and thereby the whole tree structure. Our main idea
for regularization is simply to modify the Extra-Trees construction by replacing the
hard arg max selection by a smoother softmax selection, where the softmax function
is defined by

eﬂzk

ft B
softmaxg(2) (ZZK1 e

)  eRK, g0, (4)
1<k<K

and is interpreted as a probability distribution on [1, K7J.

We introduce a new class of randomized regression trees called softmaz regression
trees and whose construction relies on softmax binary splitting defined as follows.
The splits are randomized and involve two parameters: § > 0 and K > 1. As
for Extra-Trees, K > 1 random proposals are considered for a split. But instead of
taking the one maximizing the mse decrease, the split is randomly selected among the
K proposals with distribution softmaxg(scores), where the vector of scores records
the mse decrease of the K proposed splits. Finally, binary splitting is recursively
performed up to depth d so as to obtain 2¢ leaves.

Definition 1.1. We call softmaz regression tree with parameter (3, K,d) the tree
function
T(x; (20, yi)i<icn, O) = Y Y(Ap)La,(z), = €[0,1]7,
1<k<2d
where (x;,Y;)1<i<n denotes the input sample, ¢ the auziliary randomness used to
perform the splits and (Ag)1<gp<aa the resulting partition of [0, 1]P.

We describe formally in Section 2.2 below what is the structure of the auxiliary
randomness ¢ and how it determines the partition (Ax);<g<od.

Interestingly, the model provides a bridge between the totally randomized tree (as
f — 0) and Extra-Trees (as § — +00). Furthermore we retrieve Breiman’s regres-
sion tree in the limit X — +o0 and  — 400. See Remarks 2.3 and 2.4 for a formal
justification. A property crucial to our theory is that the mean softmax regression
tree is Lipschitz continuous in its input (y;)1<;<n, see Proposition 2.5.



Tree-based gradient boosting

We focus in this paper on gradient boosting as introduced by Friedman (2001).
Recall that the task (2) is to minimize the empirical loss. We assume here that the
loss function L is convex and twice differentiable in its second variable. The boosting
procedure is an ensemble method that combines many instances of the base learner
that are fitted sequentially so as to gradually improve the current model. We use
here our softmax regression tree with parameter (3, K, d) as base learner. Ggadient

boosting with learning rate A > 0 then produces the sequence of predictors (F2),,>0
defined as follows:

1. (Initialization). Set F} equal to the constant predictor:

[}Mz) = argmin ! iL(yi, z), x€][0,1]". (5)

zeR n i=1

2. (Recursion). At step m > 0,

(i) Compute the residuals (negative loss gradients):

oL .
Toi = —a—(yi, Fa(z:), 1<i<mn; (6)
’ z

(ii) Fit a softmax regression tree with parameter (3, K, d) to the residuals:

Tm+1($;(xiarz\%i)lgingerl): Z FT)?\’L(Ak)]lAk(x)7 (7)

1<k<2d

where (41 denotes the auxiliary randomness (independent of the past),
(A))1<p<od the resulting partition of [0, 17 into 2¢ leaves and 7;,(Ax) the
mean residual in leaf Ag;

(iii) Modify the leaf values according to a line search one-step approximation:

Tm+1(m>: Z fr);\@<Ak)]1Ak(x)v (8>

1<k<2d

with . )

P (Ay) = — =izt OL (y,, B (2)) 1 a, ()
n 2 A

o 5% (i B () Ly ()

(9)

(iv) Update the model by adding a shrunken version of the tree:

)y (2) = BMx) + M (1), (10)

We emphasize that at each step, the tree Tmﬂ is obtained by fitting a softmax
regression tree to the residuals in order to compute the partition (step 4iz) and
then modifying the tree values according to the line search one-step approximation
(step v). This motivates the following definition of softmax gradient trees.



Definition 1.2. Let (z;)1<i<n be fized. For a bounded function F :[0,1" — R, the
residuals at F' are given by
oL
The softmax gradient tree with parameter (5, K,d) is defined as the tree function
T(@;F.Q)= Y "(A)la(e), =01,
1<k<2d
where ¢ denotes the auxiliary randomness, (Ap)i<r<oa the partition associated with
the softmax regression tree T -; (xi,7i)1<i<n, ) and
Sy G2 (yis F(w:))La ()
n 2 )
i1 5 (v, F ()L, ()

F(Ay) = — 1<k<29 (11)

the leaf values.
With this definition, Equations (6)-(10) take the simple form
Fyip-&-l:ﬁyi\z—}_)\f(aﬁx\wgmﬁ-l)? mZO, (12)

clearly evidencing the Markov structure of the sequence (ﬁ’n);)mzo.

Remark 1.3. In the original definition of gradient boosting by Friedman (2001),
stagewise additive modeling is considered in a greedy way and the modification of
the leaf values in step (7ii) is given by

7(Ag) = argmin > L(ry, F(x;) 4+ 2)1a, (z;) (13)
z€R i=1
This corresponds to a line search for optimally updating the current model in an
additive way on leaf Ay. Quite often, the line search problem (13) has no explicit
solution and numerical optimization has to be used. To alleviate the computational
burden, it is usually replaced by its one-step approximation

7(Ag) = arg minzn: (L(ri, F(z;)) + giL(ri, F(z:))z + 102L

——=L iaF i 2)]]- 1)
O L P2 Ly )

where the function to optimize is replaced by its second order Taylor approximation.
Solving for this quadratic problem we retrieve exactly Equation (11). Because of its
constant use in modern implementation of gradient boosting such as XGBoost (Chen
and Guestrin, 2016), we directly use this one-step approximation in our definition
of gradient boosting and softmax gradient trees.

Example 1.4. (regression with square loss). In the case of square loss L(y, z) =
:(y — 2)?, the residuals are r; = y; — F/(z;). We recover the usual notion of residual,
that is the difference between observation and predicted value. In this important
case, the line search and its one-step approximation are both equal to the mean
residual. The gradient tree is the same as the regression tree, i.e. Tiyq = Tpyq in
Equations (7)-(8). Gradient boosting for L?-regression thus consists in sequentially
updating the model in an additive way with a shrunken version of the regression

tree fitted to the current residuals.



Example 1.5. (binary classification with cross-entropy). Binary classification aims
at predicting a binary response variable Y € {0,1} given X = z, the values 0 and
1 being often interpreted as failure and success respectively. The goal is to predict
the success probability p*(z) = P(Y = 1 | X = x). The binary cross entropy
corresponds to the negative log-likelihood L(y,z) = —yz + log(1 + €*). The Bayes
predictor is then equal to f*(z) = log(p*(z)/(1 — p*(x)), which is the logit of the
success probability. The loss derivatives are given by

oL 0L e?

5, W2 =y—p and —-(y,2) =p(l-p) with p = -——.

Example 1.6. (AdaBoost). The algorithm AdaBoost by Freund and Schapire
(1999) was at the origin of the success of boosting. Friedman (2001) showed that
it fits in the framework of gradient boosting when the loss is exponential. Here
Y € {—1,1} and the loss function is L(y, z) = exp(—yz). The Bayes predictor is
f*(x) = 3 log(p*(x)/(1—p*(x)) with p*(z) = P(Y = 1| X = z). The loss derivatives
are simply

oL e 0’L —yz
g(y,z):ye Y% and @(y,z):e vz,

Remark 1.7. Gradient boosting is a versatile procedure that can handle many
different statistical tasks such as quantile regression or robust regression thanks
to suitable choices of the loss function. For instance, the least absolute deviation
L(y,z) = |y — z| leads to the median regression and the corresponding Bayes pre-
dictor is the conditional median of Y given X = x. The theory we develop in this
paper uses a strong regularity assumption on the loss function and does not cover
this example. The same remark applies for the 7th quantile loss used in quantile
regression or for the Huber loss used in robust regression. Such examples will be
considered in further research. The regularity assumption we assume in the present
paper are tailored for least squares regression and binary classification.

1.3 Main results

We present our main results on the existence of the vanishing-learning-rate asymp-
totic for gradient boosting based on softmax regression trees and the characterization
of the corresponding dynamics. For the sake of simplicity, we state first our results
in the Banach space B = B([0, 1]?,R) of bounded functions endowed with the sup
norm. However, because of separability issues, we will develop our theory in the
space T = T([0, 1], R) of tree functions introduced in the next section. We state
our results under the following assumptions.

Assumption 1.8. Let the input (x;,y;)1<i<n be fized and consider gradient boosting
with loss function L, softmax regression tree with parameter (3, K, d) as base learner

A

and learning rate A > 0. Denote by (F)),.>0 the corresponding sequence of predictors
defined by Equations (5)-(10).
Furthermore, assume the loss function satisfies the following conditions:



(A1) L:R?* — [0,00) is twice differentiable with respect to the second variable and,
forally e R, z — 82—L(y, z) is positive and locally Lipschitz.

022

(A2) For each C >0, sup, .. (y..)<c

&Ly, 2)/ 5%y, 2)| < oo.

Note that these assumptions are satisfied in the case of regression and binary clas-
sification considered in Examples 1.4, 1.5 and 1.6 above.

Equation (12) implies that the sequence (F}),,so is a B-valued Markov chain. We
consider its asymptotic as the learning rate A — 0 and the number of iterations
m is rescaled accordingly. Our first result states that the limit does exist and is
deterministic. We call this regime the vanishing-learning-rate asymptotic.

Theorem 1.9. Under Assumption 1.8, there exists a B-valued process (ﬁ’t)tzo such
that, for all T > 0,

sup sup ]ﬁ’[;\/,\] (z) — Ey(x)| — 0 in probability as A\ — 0. (14)
te[0,T] z€[0,1]P

Furthermore, the limit process is continuous as a function of t and deterministic.

Note that, due to some path regularity, the processes in Equation (14) are sep-
arable and we can freely restrict the supremum to rational values so as to avoid
measurability issues.

For A > 0, the rescaled sequence (Fﬁ\/,\})tzo defines a cadlag stochastic process.
At times Am, m > 1, jumps occur as randomized trees are added to the model.
Theorem 1.9 states that both jumps and randomness disappear in the vanishing-
learning-rate asymptotic. We call the limit process (Ft)tzo the infinitesimal gradient
boosting process. Our second main result is the characterization of this process as
the solution of a differential equation in the Banach space B. We first define the

infinitesimal boosting operator that drives the dynamics.

Definition 1.10. Let (z;)1<;<n be fized. The infinitesimal boosting operator T :
B — B is defined by

T(F)(z) =ET(x; F, ()], x€l0,1], F e B,

where f( -3 F,¢) denotes the softmaz gradient tree from Definition 1.2.

In words, the infinitesimal boosting operator at F' is the expectation of the softmax
gradient tree used in gradient boosting when updating the predictor F. In general,
7T is a non linear operator. It implicitly depends on the sample (x;, y;)1<i<n, On the
loss function L and on the parameter (3, K, d) used for the softmax regression trees.

Theorem 1.11. Suppose Assumption 1.8 is satisfied. In the Banach space B, con-
sider the differential equation

F'(t)=T(F(t)), t=>0. (15)
The following properties are satisfied:

10



(i) For all Fy € B, Equation (15) admits a unique solution defined on [0, 00) and
started at Fy;

(ii) The infinitesimal gradient boosting process (F})e=o is the solution of (15) started
at Fy = argmin, g + L(y;, 2).

Theorem 1.11 reveals the dynamics associated with infinitesimal gradient boosting.
In Section 4, we will state a similar result in the space of tree functions and study
more precisely the properties of the infinitesimal gradient boosting process in terms
of regularity and long time behavior.

2 Regression trees

We give a detailed construction of the softmax regression trees of Definition 1.1
after introducing some notation and recalling background on the usual regression
trees (Breiman et al., 1984) and Extra-Trees (Geurts et al., 2006).

2.1 Notation and background

In order to introduce softmax regression trees, let us fix some notation. In this sec-
tion, we consider a fixed sample (z;,7;)1<i<n € ([0, 1]? X R)™. Recall from Section 1.2
that regression trees are grown with a top-down recursive procedure based on greedy
binary splitting. Here we let couples (j,u) € [1,p] x [0, 1] encode specific splits of
a region A C [0,1]?, in the following manner. The split A = Ay U A; corresponding
to (j,u) is defined by

Ay={recA 7 <d+ul —d’)} and A ={rcA: 2/ >d +ul’—d)},

where 27 denotes the jth coordinate of z, and a/ = inf e 27 and &’ = sup, ., 2.

With this encoding in mind, we define the mse decrease — or simply score —
associated with the (j, u)-split of region A by
o n(Ag) _ 2 n(Ay) _ 2
A u A) = = 25 (7(Ao) = 7(4)) + = 2 (r(A) = 7(4)). (16)

Using this notation, Breiman’s regression trees are grown by recursively choosing
a (j,u)-split that is optimal, in the sense of maximizing A(j,u; A), for each region
A. In the Extra-Trees algorithm of Geurts et al. (2006), in order to split a re-
gion A, we first draw a fixed number K > 1 of uniformly chosen candidate splits
(J1,u1),- ., (Jx,ur) and then select (j,u) among them so as to maximize the score
A(j,u; A). Note that in the case K = 1 where only one candidate is considered for
each split, we obtain the totally randomized trees where the splits do no depend on
the input sample (x;, r;)1<i<n-

2.2 Softmax regression trees

We propose a new model of randomized regression trees closely related to Extra-
Trees that we call softmax regression trees. The main idea is to replace the strong

11



arg max selection in the Extra-Trees algorithm by a softmax selection with param-
eter § > 0. Recall that the softmax function defined in Equation (4) provides a
distribution softmaxg(z) over [1, K] that depends on z = (zj)1<x<x and on 3 > 0.
When dividing the region A, the split (j, ) is randomly chosen among the candidate
splits (j1,u1), ..., (ji,ux) with distribution

softmaxg ((A(jk, Ug; A)lgkgK) :

Interestingly, when = 0, the distribution softmaxg(z) is the uniform distribution
on [1, K] and, as § — oo, it concentrates on the subset I, C [1, K] where the
components of z are maximal. This implies that the class of softmax regression
trees provides a bridge between totally randomized trees (when g = 0) and Extra-
Trees (as f — +00). Also, as the number of candidates K — +oo and § — 400, we
recover Breiman’s regression trees. See Remarks 2.3 and 2.4 below for more details.

We propose now a formal definition of the softmax regression tree with parameter
(8, K,d) and first set up some notation. The binary rooted tree with depth d > 1
(from graph theory) is defined on the vertex set J; = UL,{0,1}. A vertex v €
{0,1}" is seen as a word of size [ in the letters 0 and 1. The empty word v = &
corresponds to the tree root. The vertex set is divided into the internal nodes
v € Jy_1 and the terminal nodes v € {0,1}¢, also called leaves. Each internal node
v has two children denoted v0 and v1 (concatenation of words) while the terminal
nodes have no offspring.

A regression tree is encoded by a splitting scheme

§= (jvauv)ve,%71 S (ﬂl,p]] X (()7 1))%71

giving the splits at each internal node, and its leaf values (7,),e0,134. The splitting
scheme ¢ allows to associate to each vertex v € 9, a region A, = A,(§) defined
recursively by Ay = [0, 1] and, for v € F;_4,

A=A, N{z €0,17 : 2% < a, + uy(by, — ay)},
A =A,N{z €[0,17 : 27 > a, + uy(by — ay)},
with a, = infyea, 27° and b, = sup,c 4, 7. Note that A, depends only on the splits

attached to the ancestors of v. For each level [ = 0,...,d, (Ay),eq0,13: is a partition
of [0, 1] into 2! hypercubes. The leaf values are then

L Z Tri.

Tl(Av) 1, EAy

ry =7(Ay) =

Finally, the tree associated with the sample (z;,7;)1<i<, and splitting scheme £ =
(Jus Up)ves,_, is the piecewise constant function

T(w; (zi,ri)i<icn §) = D T(Av)1La, (). (17)

ve{0,1}4

Softmax regression trees are randomized trees and we next describe their distribu-
tion. In view of the previous discussion, it is enough to give the distribution of

12



the associated splitting scheme. Let P, be the distribution of the splitting scheme
of a totally randomized tree, that is the splits (ju, uy)ves, , are ii.d. uniformly
distributed on [1,p] x (0,1) under P,. The candidate splits that appear during
the procedure can be gathered into candidate splitting schemes ¢!, ..., ¥ assumed
i.i.d. with distribution F,. A splitting scheme £ is constructed by selection among
the candidate splits, so that & = (j¥), uf™),eq,, =: £ for some selection map
¢ T3_1 — [1, K] specifying which split is selected at each internal node. According
to the softmax selection rule, the distribution of & given &1, ..., &5 is given by

P(£ = (jf(v)vuf(v))UE% 1 | 51 gK)
=TI (softmaxs(A(sf, ubs Ay(€9))1<her))

veETg_1

(18)

pv)’

In this equation, the factor indexed by the internal node v corresponds to the prob-
ability that the region A,(€) is split according to (5%, u#®")) among the candidates
(jk,uk), 1 < k < K. Tt should be noted that A,(¢) only depends on the splits
(Ju» uy) attached to the ancestors v of v which implies that (A4,(€))vez,_, enjoys a
branching Markov property which naturally corresponds to the recursive procedure
described above.

We next deduce a characterization of the distribution of the splitting scheme &,
which, in view of Equation (17), characterizes the distribution of the softmax re-
gression tree. The distribution depends on the parameter (3, K, d) and also on the
input (x;,7;)1<i<n but we only write Ps i for the sake of readability.

Proposition 2.1. Let (x;,7;)1<i<n and (5, K,d) be fivzed. We denote by Ps the
distribution of the splitting scheme & associated with the softmax regression tree
with parameter (5, K, d) grown on the sample (x;,7;)1<i<n. Then Pg i is absolutely
continuous with respect to Py with Radon-Nykodym derivative

dPg, / H exXp BAUv?umA (5)))
dPO veTy 1 K- 1Zk pexp(B A, ul; Ay(§)))

with &8 = (3%, uF)yeq,_,, 1 <k < K, and &¢ the Dirac mass at €.

3¢ (d€h) @iy Po(d€r), (19)

Note that the Radon-Nykodym derivative (19) is bounded from above by K 29-1,

Remark 2.2. In Definition 1.1, the softmax regression tree was introduced in terms
of an external randomness (. In view of the preceding discussion, we can take
¢ = (& ... 68 ~) where €', ... €K denote K independent splitting schemes with
distribution Py giving the candidate splits and v = (V,)vez, , be independent uni-
form random variables on [0, 1] used to perform the softmax selection at each inter-
nal node (using e.g. the probability integral transform). In the following, it will be
convenient to write

T(‘, ($i,Ti)1§i§n,C) = T(v (%;W)lgign,f)

where the splitting scheme ¢ has distribution Ps x and can be seen as a (determin-
istic) function of ¢ = (&',...,&8,v) and (z;,7;)1<i<n-
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Remark 2.3. The softmax distribution converges to the uniform distribution as
$ — 0 and concentrates on the arg max set as 3 — 4+00. More precisely, for z € RE
and [, = argmax, < 2k,

exp(Bz1) N { 1/K as 3 — 0
Eszl eXp(ﬁZk) ]lzz(l)/card(lz) as B — 400

We deduce readily that dPs x/dFPp has limits when 8 — 0 or § — 4o00. By Scheffé’s
theorem, this implies convergence in total variation of the splitting scheme dis-
tribution. These limits correspond respectively to totally randomized trees and
Extra-Trees.

Remark 2.4. The law of large numbers implies that, for (£¥);>y i.i.d. with distri-
bution Fj ,

exp(B Ay ty; Av(§))) P8 Al ui Au(€)))
K130 exp(BA(GE, ub; Ay(€))  Elexp(8 A, u; Ay(€)))]

as K — oo, with expectation taken with respect to (j,u) uniformly distributed on
[1,p] x (0,1). This limit is interpreted as an exponentially tilted distribution for
the law of the split (j!,ul) of the region A,(£). Proposition 2.1 and dominated
convergence then implies, as K — oo,

WPk dAPr e exp(BAGe 1 Av(E)
ap, O ap, O = I FegGaguae))

v€Tg—1

a.s.,

where & = ((Jy, Uy))ves, ,- This limit corresponds to the distribution of the splitting
scheme of a randomized regression tree grown thanks to a binary splitting rule
based on the exponentially tilted distribution. Furthermore, letting 8 — 400, the
exponentially tilted distribution concentrates on the arg max set so that Breiman’s
regression trees are recovered.

Our motivation for softmax regression trees is the regularity property of the mean
tree defined by

T ca(w; (i, i)1<izn) = Be[T (3 (25, 71)1<in, €]
= /T(m; (25, 73)1<i<n, §) Pa i (d§).

See Remark 2.2 for the relationship between ¢ and § and recall that Ps  depends on
(@i, 7i)1<i<n. This will be handled with care in the proof with more explicit notation.

Proposition 2.5. Let (z;)1<i<n € [0,1]? and (8, K,d) be fized. The mean softmaz
regression tree is locally Lipschitz in its input (1;)1<i<n, i.€

{(R”JI-Hm) — (B, []-ll)

(Ti)lgign = T,B,K,d( 3 (931', Ti)lgign)
1s locally Lipschitz.
The same result does not hold when § = oo, i.e. for Extra-Trees and Breiman’s

regression trees, because of the lack of continuity of the arg max selection.
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3 The space of tree functions

3.1 Tree function space and total variation norm

A

An original and powerful point of view to study the sequence of functions (£2),.>0
produced by gradient boosting is to see it as a Markov chain in a suitable function
space that we call the space of tree functions T = T([0,1)?,R). The main idea
is that a regression tree is naturally associated with a signed measured. This is
especially useful because the space of non-negative measures enjoys nice compactness
properties that will ease tightness considerations. We introduce here the space of
tree functions and discuss some useful properties.

We first introduce some notation. Let M = M([0, 1]?) (resp. MT = M™([0,1]?))
denote the space of Borel finite signed measures on [0, 1]” (resp. Borel finite non-
negative measures). The total variation of a signed measure u € M is

lullry = sup {u(f) = fE€B[If]l <1},

where we let u(f) = [ fdu denote the integral. We note u = u*t — p~ the Jordan
decomposition of p and |u| = pu™ + p~ the variation of u — see Billingsley (1995,
Section 32) for background on signed measures. We also consider the subset My C
M of signed measures p satisfying || ([0, 17\ [0,1)?) = 0.

Definition 3.1. The space of tree functions T = T([0,1]",R) is defined as
T = {T (0,17 = R @ T(x) = p([0,z]) for some p € My and all x € [0, l]p}.

For allT € T, the measure u € My such that T'(x) = u([0, x]) is unique and denoted
by pr. The total variation of T is defined by || T|tv = ||pr||Tv-

Clearly, ||||rv defines a norm on T, and the mapping p € My — T € T is an
isomorphism so that the space of tree functions (T, ||-|[Tv) is a Banach space. Fur-
thermore, the inclusion T C B holds with inequality |7« < ||7||rv so that the
injection is continuous.

Remark 3.2. In dimension p = 1, T([0, 1], R) is exactly the set of cadlag functions
with finite total variation that are continuous at 1. In dimension p > 2, tree functions
T € T can be seen as the “cumulative distribution function” of a signed measure and
therefore have quartant limits and are right-continuous. For instance, when p = 2,
the four limits lim, ,, ,eq T(y) exist for all z € [0,1]> and [ = 1,..., 4, where

Qr={y:y' ="y’ > 2%, Qr={y:y' =22l y’ <2},

Q; ={y:y' <oy’ =2}, Qr={y:y' <a'y? <2’}
Since x € QL, T(z) is equal to the limit on QL. More generally, in dimension
p > 1 there are 2P such quartant. We refer to Neuhaus (1971) for the definition
and properties of the multiparameter Skorokod space D([0,1]?,R). The inclusion
T([0,1)*,R) C D([0,1]”,R) holds. For each T' € T, the condition ur € M, implies
that 7" is continuous on [0, 1P\ [0, 1), i.e. at each point having at least one component
equal to 1.
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We now explain the relationship between regression trees and the space T.

Proposition 3.3. Let & € ([1,p] x (0,1))%-1 be a splitting scheme with depth d
and (Ty)peqo1y € RO be leaf values. Then the function

T(x)= Y #lagle), =c[01p

ve{0,1}4
belongs to T and satisfies

I ley < 20722 T|oe < 49T .

Furthermore, if d < p, the measure pr is supported by the set Fy of points x € [0, 1]P
with at most d positive components.

Figure 1 provides an illustration of the fact that regression trees belong to T.

b
22 <05] |2 <0.7] 054" 4
c
a
Ago An A Ap " c—ald—ec
a b c d :
04 0.7

Figure 1: A tree function 7" with d = p = 2. The splitting scheme
is represented on the left and corresponds to & = (Jy, Up)vez, , given
by (jo,uz) = (1,0.4), (Jo,u) = (2,0.5) and (j1,u1) = (1,0.5). The leaf
values a, b, ¢, d are below the corresponding leaves. The induced partition
(Ay)pego,134 of [0, 1]? is represented on the right; the colored dots represent
the atoms of the measure g and their labels the associated masses. We
can see that ||T||tv < 4|a| + 2[b| + 2|c| + |d] < 42||T |-

3.2 Decomposition of tree functions and L?-norm

We now consider a specific decomposition of tree functions that will be useful in the
sequel. For J C [1,p] and € € {0,1}’°, define the |.J|-dimensional face F;. of [0, 1]?
by
Fre={z€[0,1]7 : VjeJ 2/ €(0,1); Vj € J 2/ =¢;}.
When ¢ is identically null on J¢, we simply write ;. Each measure u € M can be
decomposed as
p= Y u' with g?(-) = u(- N Fy).
JC[1,p]

Correspondingly, each tree function 7" € T can be decomposed as

T= Y 77 with 7/(x) = i ((0.a]).
JC[1,p]
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where T (x) depends on z only through the components 27 for j € J. Alternatively
the decomposition is characterized recursively by 7% = T'(0) and

T/ (2)=T") - Y. T/ (2), J+#2,
J'CJ

where 2/ = (291 ,¢7); is the vector with components 27 if j € J and 0 if j ¢ J.

Remark 3.4.

1. From a statistical perspective, T (z) is interpreted as the interaction effect
of the covariates 27, j € J, when the value 0 is taken as reference. This is
more easily explained in the case p = 2: T?(z) = T(0,0) corresponds to the
value of T with both covariates at reference; T} (2!, 22) = T'(2!,0) — T(0,0)
corresponds to the additional effect of ! with 22 at reference and similarly for
T (21, 2?); finally, T1W2 (21, 22) = T(2!, 2%) — T'(2*,0) — T(0,2?) + T(0,0)
corresponds to the additional interaction effect between z! and 2.

2. According to Proposition 3.3, the measure pr of a regression tree T' with depth
d < p is supported by Fq = Ujj<qF ;. This implies that T’ = 0 whenever
|J| > d, i.e. there are no interaction effect involving more than d variables. In
particular, when d = 1, T(z) = T(0) + >}, TU}(z) where TV} (z) depends on
27 only, which corresponds to an additive model in the covariates !, ..., 2P.

Next we consider T as a subset of a well-chosen L? space. This is useful because the
total variation norm induces a topology that is too strong for our purpose, making
the Banach space (T, ||:|[rv) non-separable. For J C [1,p] and € € {0,1}7°, we
define the measure Leb . on [0, 1]? supported by the |J|-dimensional face F;. by

Leb,.(dz) = [] 6.,(dz?) [] d=’.
jeJe jeg

We consider the probability measure v on [0, 1] defined by

1
V= 3][)%;Leb‘],6

and the Hilbert space L? = L*(]0, 1]?, v) with associated norm |[|-||. Note that if the
tree functions 71,7y € T are equal v(dx)-almost everywhere, then they are equal
everywhere because they are right-continuous in the sense of Remark 3.2. This

implies that ||-||2 is @ norm on T. Therefore we can write T C L% and we have
IT)l2 < IT)loo < ||T||7v for all T € T. Note that T is not closed in L? since for

instance 1y/,,1» € T converges in L? to Lo ¢ T as n — 4o0.

Proposition 3.5.
(i) T is dense in L.
(ii) Any subset K C T satisfying suppeg||T||ltv < 0o is relatively compact in L?.

(1ii) LetT, Ty, Ty,--- € T be such that (|| T,]|1v)n>1 @s bounded. Then, ||T,,—T||a— 0
if and only if . —% w for all J C [1,p], where — denotes weak conver-
gence of measures.
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To deal with tightness and uniform convergence in the proof of Theorem 1.9, it will
be convenient to consider the subset Tt = {T" € T : upr € M™} of tree functions
with positive measure. We denote by T the adherence of T+ in L? and equip it
with the induced metric.

Proposition 3.6.
(i) T s a proper metric space, i.e. bounded sets are relatively compact.

(ii) Let T,Ty,T,--- € TT and assume T is continuous. Then, |T,, — T|2 — 0
implies || T, — T'|| 0o — 0.

When dealing with gradient boosting, we need the function F' to be well-defined
at (z;)1<i<n because the algorithm involves the values F'(z;). The following remark
provides a slight modification of the previous result in order to deal with this issue
and introduces the function space L2 that will be useful in Section 4.

Remark 3.7. With the sample x = (z;)"; being fixed, we consider the space
L2 = [*([0,1]7, 1), where vy is the probability measure

v 1 &
VX:§+%25:E2

i=1

For ' € L%, the values (F(x;))1<i<n are well defined and we can consider the gradient
tree T'(-; F,€) for F € L2,

It is readily checked that T C L%, with ||T||;2 < ||T|l7v and that the statements

and proofs of Propositions 3.5 and 3.6 still hold with L? replaced by L2, the only
modification being that (7ii) in Proposition 3.5 has to be replaced by

(111’) Let T, Ty, T, - - - € T be such that (|7}, ||rv)n>1 is bounded. Then, ||T,, = T'||;2— 0
if and only if 7, — pf for all J C [1, p] and T),(z;) — T'(x;) for all i € [1,n].

The proof is easily adapted thanks to the fact that L2 is isomorphic to L? x R via
the isomorphism F — (F, (F(x;))1<i<n)-

4 Infinitesimal gradient boosting

4.1 Existence and uniqueness of the ODE solution

For the sake of simplicity, our results were first stated in Section 1.3 in the Banach
space B = B([0,1]?,R) of bounded function. We now state and prove a version
of Theorem 1.11 in the Banach space T of tree functions endowed with the total
variation norm. Existence and uniqueness of the ODE solution follow essentially
from the fact that the infinitesimal boosting operator introduced in Definition 1.10
is locally Lipschitz. The proof is similar to the proof of Proposition 2.5 but slightly
more involved because we have to consider softmax gradient trees (Definition 1.2),
that have a more complex structure than softmax regression trees (Definition 1.1).
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Proposition 4.1. Suppose Assumption 1.8 is satisfied. Then the infinitesimal boost-
ing operator T defined in Definition 1.10 satisfies T (F') € T, for all F € B, and the
map T : (B, ||-[|oc) = (T, ||-||Tv) 4s locally Lipschitz.

Remark 4.2. Because T C B and ||T||oc < ||7||vv for all T € T, the previous
proposition implies that 7 can be seen as a locally Lipschitz operator on (B, ||||)
and (T, ||-|[tv). This is useful when considering the ODE (15) on both spaces, in
Theorem 1.11 or Theorem 4.3 below respectively.

Theorem 4.3. Consider the differential equation (15) in the space (T, ||-||rv). Un-
der Assumption 1.8, for any initial condition Fy € T, it has a unique solution defined
on [0,00) and satisfying F(0) = Fy.

Since the differential equation (15) is driven by the infinitesimal boosting opera-
tor which is locally Lipschitz according to Proposition 4.1, the Cauchy—Lipschitz
theorem ensures the existence and uniqueness of local solutions. The proof of The-
orem 4.3 consists in verifying that the maximal solution corresponding to the local
solution started at Fy at time ¢ = 0 is defined for all time ¢ > 0.

4.2 Convergence of gradient boosting

In this section, we consider convergence of the gradient boosting sequence (ﬁ;;\z)ng
in the vanishing learning rate asymptotic A — 0. Theorem 1.9 states, for all 7" > 0,
the convergence in probability

(F[/t\/kl)te[O,T] i> (Ft)te[O,T}

in the Skohorod space D([0, 7], B) endowed with the norm of uniform convergence.
The non-separability of the Banach space B makes it not suitable for the analysis and
we first develop our results in the separable space L2 introduced in Section 3.2. More
precisely, we prove the convergence of the positive and negative parts of the gradient
boosting sequence seen in the space T C L2. The fact that T  is a proper metric
space (see Proposition 3.6 ¢) makes tightness issues easily tractable. Furthermore,
the fact that L?-convergence in T to a continuous limit implies uniform convergence
(see Proposition 3.6 i) will ultimately be used to derive the uniform convergence
stated in Theorem 1.9.

We now consider the decomposition of gradient boosting into positive and negative
parts. The Jordan decomposition y = p™ — p~ of the signed measure p € M,
naturally induces the following decomposition of tree functions: for 7" € T, we have

T=T"-T" with ur+ = (ur)" and pr- = (ur)".

The tree functions T, T~ are respectively associated with the positive and negative
part of ur and hence belong to T*. This decomposition can be applied to the softmax
gradient tree T'(-; F, () and we note

T(-;F,)=T"(-;F,{)—T (-;FQ).
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The gradient boosting sequence (ﬁ,’r\b)ng is then decomposed recursively as FO)‘ =
Fyt — F) and

m > 0.

Fm+1 _F’\_+)\T (- ;Frﬁ+7€m+l) ’

{ Fé\;l = Et A NTH( EF o)
Clearly, we have F)\ = FAT — A~ and EX) FA~ € T but it is not true in general
that F;r\f and E;\L_ are the positive and negative parts of Fnﬁ because the measures
associated to the two components may share some common mass (at point 0) that
vanishes when taking the difference. This slight abuse of notation should however
cause no confusion. Finally, the infinitesimal gradient boosting operator can also be
decomposed into a positive and negative part as 7 =7 — T~ with

{ THE)@) =BT @ E QL e oo 1,

T (F)(z) =ET (2;F,¢)]

Note here that the operator are defined on L2 and not L? — this is required because
we need the values (F(z;))1<i<n to be well-defined in order to define the softmax
gradient tree T'( - ; F, ¢). The measures associated with 7+ (F) and 7~ (F) may share
some common mass so that the decomposition does not coincide with the Jordan
decomposition.

The following theorem characterizes the convergence of (F o [?/}])tzo with deter-
ministic limit given as the solution of a differential equation.

Theorem 4.4.

(i) Given an initial condition (Fy,Fy) € L2 x L2, there is a unique solution
(F*(t), F~(t))i>0 to the ODE system

S FH(t) = TH(F(1)
a 3 with F(t) = F*(t) — F~(t), >0, 20
7 e (6) = FH{t) = 70 (20)

started from (Fyf, Fy).
Furthermore, if (Fy", Fy) € Tt x TT, then (F*(t), F~(t)) € TT x T+ for
all t > 0 and (F(t))i>0 is equal to the solution of (15) started from Fy =
Fy —F; €T.

(i) The convergence in distribution

A

(F[?/t\], F[?/;\])tzo i) (Ft+’ ﬁt_)tzo, as )\ _> 0,
holds in _the Skorokod space ([0, 00), T x T") endowed with the J;- topology
where (E7, F )isq is equal to the solution of (20) started from (7, Ey).

An important tool in the proof of Theorem 4.4 is a control of the training error

n

L.(F) =Y L(yi, F(z:)), F€B.

i=1
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The next proposition states that for small learning rates, the training error is almost
surely non-increasing along the gradient boosting sequence (Fﬁ\z>m20- This in turn
yields a control of the increments of the sequence because — as we will show in
the course of the proof of Theorem 4.4 — the total variation of the gradient tree
|T(-; F,¢)||rv is uniformly bounded on the level set {F € B : L, (F) < C}.

Proposition 4.5. For all T > 0, there exists \g > 0 such that X\ € (0, Xo] implies
that

t— Ln(ﬁ’[;\/)\]) is a.s. non-increasing on [0, 7).

Note that in the case of regression L(y,z) = 3(y — z)?, Proposition 4.5 trivially
holds for all 7" > 0 and A > 0 because the tree values are obtained by line search
so that the training error cannot increase, see Example 1.4 and Equation (13). In
the general case however, the one-step approximation (9) does not ensure such a
property but the proposition states that monotonicity still holds for small learning
rates.

4.3 Properties of infinitesimal gradient boosting

We call infinitesimal gradient boosting the solution (Ft)tzo of the differential Equa-
tion (15) with initial condition (5). In the following, we consider some properties of
infinitesimal gradient boosting, including the behavior of training error and residu-
als, the asymptotic behavior as t — 400 and also the space-time regularity.

Proposition 4.6. Infinitesimal gradient boosting satisfies the following properties:

(i) the training error Ly (E,) = S0, L(y:, Fi(x;)), t > 0, is non-increasing;

(ii) the residuals ry; = % (y;, Ey(x;)), 1 <i<mn, are centered, i.e.

The first point is very natural since gradient boosting aims at minimizing the training
error. The second point can be interpreted as follows: it is not possible to reduce the
training error by adding a constant term to the model; indeed, a simple computation
shows that ¢ +— Ln(ﬁt + ¢) has derivative nr; = 0 at ¢ = 0 and, the function being
convex, this corresponds to a minimum. As will be clear from the proof, this property
is due to the initialization (5) and to the line search approximation (9).

We next consider the long time behavior of infinitesimal gradient boosting. A few
more assumptions are required for our analysis.

Assumption 4.7.
(A3) forally € R, inf, L(y, z) = 0;
(A4) for ally € R and all R > 0, SUD..|0L () <R %(y, z) < 00;
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(Ab) thereis J C [1,p] with |J| < d such that (x))1<i<n are pairwise distinct, where
i = (27)jes € [0,1]7.

7

Assumptions (A3) and (A4) state conditions on the loss function L. It is easily
checked that the classical loss functions for regression and classification satisfy those
conditions, see Examples 1.4-1.6. Furthermore, (A3) can always be assumed without
loss of generality because shifting the loss function by its infimum does not affect the
gradient boosting algorithm. On the other hand, Assumption (A5) states a condition
on the training sample (x;)1<;<, and is discussed in Remark 4.9 below. It is used in
the following proposition characterizing the critical points of the ODE (15).

Proposition 4.8. Under Assumption (A5), T(F) =0 if and only if

L
g(yia F(z;))=0, foralll<i<n.
2

This means that critical points of the ODE (15) are functions for which the residuals
are all null.

Remark 4.9. We briefly comment upon Assumption (A5). It is trivially satisfied
in the following two cases:

- the (x;)1<i<n are pairwise distinct and d > p (consider J = [1,p]);
- there exists j € [1,p] such that the (z); are pairwise distinct (consider J =
{7}
Next, we discuss a simple example where (A5) does not hold. Consider the problem
of regression with p = 2,d =1 and (x;, y;)1<i<4 given by

{xl _

For this configuration, starting from F' = 0, any randomized tree with depth d = 1 is
null because, for any vertical of horizontal split, the sum of residuals compensate in
each regions. Therefore, T(F') = 0 but the residuals are nonzero. Similar examples
can be built in higher dimension as long as d < p.
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)7 Yz = _17
), Yy = 1.
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The analysis of critical point suggests that, in the long-time asymptotic, infinitesimal
gradient boosting should converge to a critical point with null residuals. This is the
subject of our next result.

Proposition 4.10. Under Assumption 4.7, we have

oL .
z

and Ln(F) — 0

ast — o0.
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In the specific case of regression or classification, we get under Assumption 4.7:
e Fy(z;) = y; in the case of regression (Example 1.4);

. Ft(xl) — +ooify; = 1 and Ft(xz) — —o0 otherwise in the case of classification
(Examples 1.5 and 1.6).

This shows that infinitesimal gradient boosting is prone to overfitting as t — +oo
as it tries to match the training sample perfectly. This is a well-known feature of
gradient boosting and early stopping is usually used to avoid overfitting and obtain
good generalization properties, see Zhang and Yu (2005).

Finally, we study the regularity of infinitesimal gradient boosting with respect to
space and time. To this aim, we define a function space W and first a reference
measure my € M as follows. For a splitting scheme &, we consider ¢ = -6, € M,
the point measure with a Dirac mass at each vertex in [0,1)? of the partition
(Au(&))vefo,13e into hypercubes; the measure 7 is then defined as the intensity mea-
sure of the point process m¢ under Py(d¢), that is

T = /7'('5 Po(df) € Mo.

The function space W = W([0, 1]*, R) is defined by

dpp
W:{TET D pr <K m and — 1 GLOO([O,l]p,WO)}

o
and is endowed with the norm

ITllw = Hd“TH

Clearly, W C T with ||T||zv < ||T||w, for all T € W. Furthermore, (W, ||-||w) is a
Banach space isomorphic to L*([0, 1], ) via the map T +— dur/dmy.

Prop0s1t10n 4.11. Infinitesimal gradient boosting (Ft)t>0 defines a smooth space in
W, ie F,eW for allt > 0 and the mapping t — Ey is continuously dzﬁerentmble
Furthermore, the same result holds for the positive and negative parts (Ft )i>0 and
(Ft_)tzo defined jointly as the solution of (20).

As a consequence, there exists a continuously differentiable mapping ¢ — ¢, €
L>([0,1]P, mp) such that

A

Fy(x) = /[ ) mldy), w0171 >0

Note that my is absolutely continuous with respect to v, because all possible ver-
tices of a partition corresponding to a splitting scheme & with distribution P, have
coordinates that are either null, or of the form Hfil U;, where N is random and
the U; are i.i.d. uniform in [0,1]. As a consequence, Proposition 4.11 implies that
(t,z) — Fy(z) is jointly continuous on [0,00) x [0,1]? and the same holds for F;"(x)
and F; ().
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Surprisingly, infinitesimal gradient boosting is regular not only in time but also in
space. Recall that (ﬁt)tzo appears as the limit of gradient boosting (F[’t\/ ,\])tzo which
is highly discontinuous. The limit A — 0 as a regularizing effect with respect to time
and space. The temporal regularizing effect is quite natural since the jump size A
vanishes in the limit. The spatial regularizing effect is due to the randomization
of softmax gradient trees: due to split randomization, the discontinuities in the
different gradient trees occur at different places and an averaging effect provides a
regular function in the limit. This heuristic reasoning is made rigorous in Lemma 5.4
where we state that 7 (F) € W for all F' € B, evidencing the spatial regularization
effect of the infinitesimal gradient boosting operator.

5 Proofs

5.1 Proofs related to Section 2

Proof of Proposition 2.1. Let A C ([1,p] x (0,1))7¢ be measurable and consider
the event {£ € A}. Modulo null sets, it can be decomposed into the disjoint union

{€eAr= U{f €A, &= (" uf ez}
with the union taken over all selection maps ¢ : Z5_1 — [1, K]. We deduce
PeeA) =% [PE €A €= (5 ui s, | €, €5) B, R(AE)
©

By invariance of the product measure, all the terms in the sum are equal to the term
corresponding to ¢ = 1 and there are K2'~! such terms, with 27 — 1 the cardinal of
T3-1. We deduce

P& € A)
= K /JP’(S €A, ¢=¢1¢,....6") @, Po(dgh)

= K2d_1/]1{5164} H (softman(A(jf,Uﬁ;Av(fl))lﬂzSK))l Ry Po(de¥)

veETy_1

exp (B A(Jy, up; Ay (& ))) « . 1
_/ (/vel;l K- LYK exp(B A(k, uk; A, (£1))) s Po(d€ ))Po(df )

where the second equality relies on Equation (18) and the third on the definition of
the softmax function. This characterizes the distribution Pg g of £ and proves that
the Radon-Nykodym derivative is given by Equation (19). ]

Proof of Proposition 2.5. Consider input r = (7)1<;<n, and r' = (7})1<i<, and let
(xi)1<i<n be fixed. We may replace without risk of confusion (x;,7;)1<;<, and
(xi,7})1<i<n by r and r’ respectively in the notation below. For a fixed (deter-
ministic) splitting scheme & = (j,, uy)ves,_,, we compare T'( - ;r,&) and T'( - ;1. §).
Denoting by (Ay)yeqo,13¢ the partition associated to £, we have

T(-;r, &) = Z r(A,)1a, and T(-;r. &) = Z ' (Ay)14,,

ve{0,1}4 ve{0,1}4
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with 7(A,) (resp. '(A,)) the mean of the values r; (resp. ) with x; € A,. Since
[7(Av) = r'(Ay)] < [Ir — 1o,

we deduce

I7C57,8) =T(- 57, oo < v = [l (21)

Next, we consider a random splitting scheme £. It should be stressed that the split-
ting scheme distribution depends on the input (respectively r and r’) and we denote
by Psr and Pj e the respective splitting scheme distributions. Proposition 2.1
implies
— dPs g
Ty aleir) = [ Tlare, € S (€A

and similarly for T x 4(2; ') with r and dPs x replaced by 1’ and dPj j respectively.
We deduce

‘Tﬁ,K,d(w;I‘) Ts.ia(z; 1) /‘T z;r,§) — T(x; r,§)‘ dP;) (§)Po(dE)
dP, dP;
+ [T 1| - FEE | ). @2

The first term is bounded from above by ||r — 1f’||OO thanks to Equation (21). For
the second term, we use |T'(x;1’,€)| < ||| and the following Lipschitz property
of the Radon-Nykodym derivative, justified below,

©) dPyg g
PI7ap, P,

()] < CR|r = |l (23)

for max(||r]jc, [[t']os) < R and C' = B(2¢ — 1)K*'~'. With these bound, Equa-
tion (22) implies

| Tscal - 57) = Toxa( 50| < (14 CR)r =],
proving that r + Tj g 4( - ;) is locally Lipschitz.

We finally prove Equation (23) using the explicit formula (19) for the Radon-
Nykodym derivative. In definition (16), the score A(j,u; A) implicitly depends on
the input r so for clarity we write below A(j, u; A,r). Simple computations yield

A, u; A r) — A, u; A, )] < 2R|r — 1|

for max(||r]|co, [|t'||co) < R and all (j,u) and A. Furthermore, it is elementary to see
that the softmax function z ++ e*/ & | e* is 1/2-Lipschitz for the uniform norm
on RX. Therefore, for fixed &,&1,&,...,Ex and v € J;_,, the different factors in
Equation (19) satisfy

exp(B A7), uy; Ay(€), 1)) exp(B Ay, uy; Ay(§),17))
SR exp(BA(E ub A (€), 1) K exp(BA(E, uk; A,(€),17))

Using the inequality ‘Hidai — ierbi| < Yicrla; — by for finite families (a;), (b;) €
[—1,1)F with I = J;_; of cardinal 2¢—1 and integrating with respect to §¢(d¢') @f
Py(d€F), we deduce Equation (23).

< BR|r — 1’| o-

Ol
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5.2 Proofs related to Section 3

Proof of Proposition 3.3. Consider a,b € [0,1]? with 0 < a' < b <1forall 1 <i<
p. Using the notation of Neuhaus (1971), we consider the map S = 1,4, where

- Ii_{[a,b) if b < 1

by =1 x Iy x -+ x [ C .
la,0) =D x Iy @, 0] if b= 1.

s

Let us show that S € T and characterize the measure pg. For each vertex ¢ =
(e1,...,¢p) € {0,1}7, we denote by |e| = >-_; &; the number of positive components.
The vertices of the hypercube [a, b] are a+¢- (b—a) where - denotes coordinate-wise
multiplication. Then the signed measure pug

ps= Y. (=) M gip(a+e- (b—a))durepa (24)
ee{0,1}»

belongs to My and is such that pug ([0, z]) = S(z) for all z € [0, 1]P. This proves that
1iop = S € T. Furthermore, we see from (24) that ||Ljap[|rv = 27 < 2P, with ¢ the
number of coordinates 7 such that b° < 1.

Now recall the recursive construction of the regions (A4,(§))yez, from the splitting
scheme &, described in Section 2.2. For each leaf v € {0,1}%, the region A,(¢) is
defined as the intersection of d subsets of [0, 1]? of the form [a, b), where there is a
unique ¢ € [1, p] such that a* > 0 or b* < 1. Therefore A, is necessarily of the form
[a, b), where there are ¢ < min(p, d) coordinates i € [1,p] such that a’ > 0 or b’ < 1.
From the discussion above, we deduce the bound

ITlrv < > |l [Layellry < 200D 7).
ve{0,1}4

In the case d < p, each region A, () is of the form [a, b) where the set J of coordinates
7 € [1,p] such that @’ > 0 or & < 1 has cardinal ¢ < d < p. If ¢ € {0,1}? is such
that a +e-(b—a) € [0,1)? and j ¢ J, then (a+¢- (b —a))! = a/ = 0. This shows
that the signed measure pg associated with S = 1,4 and defined in (24) has its
support in

Fr={x€[0,1) : 2/ =0forall j ¢ J}C Fu

Since T is a linear combination of such functions, the proof is complete. O

Proof of Proposition 3.5. (i) The density results from standard approximation argu-
ments, for instance, of continuous functions, which are dense in L?, by step functions.

(i) Since L? is a metric space, it is sufficient to consider a sequence Ty, Ty,... € T
that is bounded in total variation, and show there exists a convergent subsequence.
Because (i1, )n>1 is a sequence of signed measures that is supported on the compact
space [0,1]” and bounded in total variation, we can extract a weakly convergent
subsequence. In fact, we can apply this argument to the sequences (7, ),>1 and
assume that MC{“,L — p’ along some subsequence, jointly for all J C [1,p], where
the p” are finite signed measures supported on F; C [0, 1] — note that considering
closures is necessary.
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We aim at proving v-a.e. convergence of the sequence of functions (7},),>1 — this
implies L? convergence by the dominated convergence theorem because v is finite
and the 7T, are bounded. More precisely, we prove that

T.(x) — T(x):= zﬂ:]]]lfw(x)u‘]([o,x]) v-a.e., (25)

where Fs; = {z € [0,1]? : Vj € J, 27 > 0}. Note that of course the limit is not
necessarily in T.

First consider a point a € [0,1]” and some J C [1,p]. Viewing pz, and p’ as
measures on the space F;, by the Portmanteau theorem, the weak convergence
i, — g implies

M%n([ov CL]) r:o MJ([()? a])
if 17(9([0,a”])) = 0, with a’ = (a/1;¢;); and where the boundary in the previous
expression is the topological boundary within the space F; — not within [0, 1]7.
Notice that

o if a ¢ F>y, that is if there exists j € J such that @’ = 0, then [0,a] N F; = &,
so that 7. ([0,a]) =0 for all n > 1;

« we have the inclusion

o(]0,a”]) C u} {x €[0,1]” : 2/ =d’}.

Now let us define
p
A={0,1}U {t 0.1 : Y S {ze01f : ol =1}) :o}.
JC[1,p] j=1

The set A has a countable complement in [0, 1] and therefore has Lebesgue measure 1.
Since 0,1 € A, we have v(AP) = 1 as well. Finally consider a € AP and let us show
that the sequence (7},(a)),>1 converges to T'(a) defined in (25). It is sufficient to
show that p ([0,a]) converges to 1x ,(a)u’([0,a]) for any J C [1,p]. From the
discussion above, this is obvious whenever a ¢ F>;. If this is not the case, we have

o([0,a’)) c U {zel0,1]F : 2/ =d’},
i€
0<al<1
which is a null /-measure set by construction of A, implying
pr, ([0, a) — p’([0,a)).
As this is true for all J C [1,p], we conclude that

T, (a) — T(a), for all a € AP,
therefore T,, — T in L?, completing the proof.

(77i) The sequence (7},),>1 being bounded in total variation, it is relatively compact
in L? by (ii). Using the identification of the possible adherence points (25) of this
sequence in the proof of the previous point, (i) is easily deduced. ]
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Proof of Proposition 3.6. (i) To show that T'isa proper metric space, it is sufficient
to show that any bounded sequence Ty, T, - -- € TT is relatively compact in L2

The fact that the sequence (T},),>1 is bounded in L? implies that the real sequence
(T5,(1))>1 is bounded because the reference measure v includes a Dirac mass at 1.
Since T,, € T+, the equality 7,,(1) = ||7;,||rv holds. Therefore the sequence (7},) is
bounded in total variation so that relative compactness is deduced from point (i)
in Proposition 3.5.

(77) This is a straightforward consequence of the multidimensional version of Pdlya’s
uniform convergence theorem for distribution functions — for a general form of this
convergence theorem, see Billingsley and Topsge (1967, Theorem 2). O]

5.3 Proofs related to Section 4

5.3.1 Proofs related to Section 4.1 and proof of Theorem 1.11

Proof of Proposition 4.1. From Definition 1.8, the function 7 (F') is defined point-
wise by T(F)(z) = E.[T(z; F,¢)] for all z € [0,1]P. By Proposition 3.3, T(-; F,¢) €
T for all ¢. Note that it is not straightforward to define 7 (F') as an expectation in
the Banach space (T, ||-|[7v) because of separability and measurability issues. Al-
ternatively, we can take the expectation of the random measure 1 p ) and define
p=Eclpz pel € Mo. It is then straightforward to see that T(F)(x) = u([0,z])
for all x € [0, 1)? so that T(F') € T with

HT(F) = ]EC [Nf(.;ﬂg)]' (26>

We next prove that 7 : B — T is locally Lipschitz. Assumption (A1) plays here a
crucial role because it implies the following property: writing z = (F'(z;))1<i<n € R,
r = (r;)1<i<n with r; = 8&(z;, F(2;)) and

0z

i 52 (i F(20) Lizeny
n 2
Py TR (i F () Ligseny
the maps z — r and z — 7(A) are locally Lipschitz for the uniform norm on R".
They are indeed continuously differentiable in z so that their derivatives are locally
bounded. Furthermore, because only finitely many different functions z — 7(A)
can be generated for different regions A, the Lipschitz constant can be assumed

independent of A. Finally, since F' — z is linear with operator norm 1, the maps
F i+ rand F — 7(A) are locally Lipschitz functions on B.

7(A) = — ., AcC]0,1]7,

As in Remark 2.2, we shall consider that the splitting scheme ¢ depends on the
auxiliary randomness ¢ and let T( -3 F,€) denote the gradient tree with splitting
scheme &. Let us recall that the distribution Psx of £ depends (implicitly) on
on the vector of residuals r and that the splitting scheme ¢ induces a partition
(Av)veqo13a- Then the leaf values of the gradient trees are given by (7(Ay))yeq—1,134
— mnot by (r(Ay)veq_1,13¢) as in the case of regression trees. The gradient tree can
thus be written N
T(-;F &= > 7(A)La,.

ve{0,1}4
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As in the proof of Proposition 2.5, we first analyze the case of a fixed splitting scheme
¢ inducing a fixed partition (A,)yeq0,13¢. Since the maps F' +— 7#(A,), v € {0, 1},
are locally Lipschitz, there exists, for any R > 0, a constant C' > 0 that does not
depend on the splitting scheme ¢ and such that

IT(-5F€) =T( F' )]l < CIF = F'lloc,

for all F,F" € B with max(||F||eo, [|[F'|lec) < R. Since £ is induced by a d-depth
splitting scheme, Proposition 3.3 implies

olley S 4T .8 = T(- F6)
< 4'C|F — F|.. (27)

H:uf( SFE) /LT

Next, we compare T (F) and T(F’) for F,F' € B. With similar notation as in
the proof of Proposition 2.5, we denote by r = (r;)1<i<n (resp. ' = (})1<i<n) the
residuals and by Pg  (resp. Pj ;) the splitting scheme distribution associated with
F (resp. F'). Equation (26) can be rewritten as

AP
KT (F) :/,uf(J?g dp, ——d .

The same equation holds for 7y with F' replaced by F" and Pg x by Pjx. We
deduce, as in Equation (22),

IT(F) = TE) v = e — wreliey
dpP,
< [z e = 17 gy “gp €Pr(dE)

dP, d P}
+ [z g ey | S (©) = ~g 5 ()| Po(de)

The end of the proof is then similar to the end of the proof of Proposition 2.5: the first
term is bounded from above by Equation (27) and the second one by Equation (23)
together with the fact that the vector of residuals r is locally Lipschitz in F'. ]

The following lemma is a simple consequence of Assumption (A2) and is crucial
for controlling the total variation of gradient trees, which is needed in the proof of
Theorem 4.3.

Lemma 5.1. Under Assumption 1.8, for C' > 0, define

oL 0*L
M(C): sup 82(3/7> @(%Z)

(y,2):L(y,2)<C

< Q.

Let F € T be such that L,(F) =Y, L(y;, F'(z;)) < C. Then
ITC5 P Olle < M(C), IT(5 F,Qrv < 47M(C), (28)

and consequently || T (F)|rv < 4M(C).
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Proof. Because the loss function is non negative, the inequality L, (F) < C yields
L(y;, F(z;)) < C foralli=1,...,n and Assumption (A2) implies

’ OL(y;, F(x;))

— L <  =1,...
82L(y¢,F(xi))‘ — M<C>7 ? ) y 1,

where we use the short notation dL and 0*L for the first and second order partial
derivatives of L with respect to the second variable. Let (A,)yeq013¢ be the leaves
of T(-; F,¢) so that R

T(F&= >, m(A)ly

ve{0,1}4

with
Zi:IiEAj aL(y’H F(xl))
Yiwiea, O2L(yi, F(xi))

7(4;) = -

We finally observe that

OL(y:, F (i
Zi:xiGAv 82L(ylaF(gj2)> % < M(O)

Siwiea, O?L(ys, F(x;)) N

7(Ay)] <

because we recognize a weighted average of terms bounded from above by M(C).
This implies the bound for the uniform norm in Equation (28), and the bound in
total variation follows from Proposition 3.3. The last bound is deduced from (28)
and the fact that we have | T(F)||lrv < E[||T(-; F,¢)|lrv]. O

Proof of Theorem 4.3. Because the operator T is Lipschitz as proven in Proposi-
tion 4.1, the Cauchy—Lipschitz theorem implies the local existence and uniqueness
of solutions for Equation (15). It follows that, with the initial condition F'(0) = Fp,
there exists a unique local solution of (15) and that this solution can be extended
uniquely into a maximal solution, still noted F', defined on a maximal interval [0, t*).
We need to prove that t* = +o00. For the sake of clarity, we write F} for the solution
at time t and Fy(x) for its evaluation at . We first prove that the function

n

t = Lo(F) =Y L(yi, Fi(%)))

i=1
is non-increasing on [0,¢*). Indeed, its derivative is equal to

oL
ELn(Ft) =Y (&E&(%)) a(yia Fy(zi))

- zn:’T(Ft)(xl) gi@“ Fy(w;))

1 Sy i) ) LA, (s ’
_ k| ¥ ( o B2 o Rl )

ve{0,1}¢ Zui=1 92 Wiy Fio(wi)) 14, (2;)

<0.
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The second equality uses the fact that (F})icp.+) is a solution of (15). The third
equality uses Definitions 1.2 and 1.10 where the partition (A,),ef0,13¢ depends on
the external randomness (. The derivative being non-positive, we have proved that
t — L, (F}) is non-increasing on [0, t*).

Consider the level set
AN={GeT: L,(G) < L,(Fp)}.

We have just proved that ¢t — L,(F;) is non-increasing so that F;, € A for all
t € [0,t*). Therefore, by Lemma 5.1, there exists a constant C' > 0 such that
T (F)||tv < C for all ¢t € [0,¢*). We deduce that for all 0 <t < s < t*,

< C(s—t).

£, = Filley = | [ T(F) du
t TV

If t* were finite, this would imply that (F}) is Cauchy as t — t*, contradicting the
maximality assumption of the solution (F'(t))icp+). We deduce that t* = 400 and
that the total variation norm of F; increases at most linearly. O]

Proof of Theorem 1.11 (i). Using the fact that 7 is a locally Lipschitz operator of
(B, ||"]|s), as mentioned in Remark 4.2, the proof is the same as above. O
5.3.2 Proofs related to Section 4.2 and proof of Theorem 1.9

The following Lemma is crucial for the proof of Proposition 4.5 below.

Lemma 5.2. Let L satisfy Assumption 1.8 and consider K (resp. Ks3) a finite
(resp. compact) subset of R. Then there exists Ao > 0 such that for all X € (0, o],
k>1,y1,...,yx € K1 and z1, ...,z € Ky, the following inequality holds

k k k9L
i=1 95 \Yi> Zi
> L(yi,zi+Az) < Y L(ys,z), withz=— Z]z_laaj]:(y )
i=1 i=1 i=1 W(?Jia zi)

Proof. Fix yy,...,yx € K7 and 21, ..., 2, € Ky and define

k
h(u) => L(yi, 2z +u), u€R.

=1

By Taylor’s approximation, we have
U2
h(u) — h(0) = uh'(0) + ?h”(ﬁu),

for some 6 € [0, 1]. Therefore, for = = —h'(0)/h”(0),
B h/<0)2 N /\72 h/(O)Q
h”(()) 2 h//<0)2
2

() AR (0A2)
~ T (0) (1‘2 1 (0) )

h(\z) — h(0) = B (0)2)
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for some 6 € [0,1]. We need to prove that uniformly in & > 1, yy,...,yx € Ky,
21,...,2x € Ky and 6 € [0, 1], the last expression is non-positive for A small enough,
which amounts to showing that

Zz Oz (yl Z7‘ )
NPRECON 221 X (y“zl T

N h(O) Zz 1 622 (yza Zz)

Using the fact that L(y, z) is C? in 2 with 22 (y, z) > 0, first let

(30)

oL
M := max M <00
yeKi,2z€Ko %(y, Z)
and
Ao 1= min 2 322 (y, 2+ 0M) >0
" yeKy,zeKq,0€[—1,1] 82L(y7 ) .

Clearly, for all k > 1, y1,...,yr € K1, 2z1,...,2r € Koand X\ < A\g A 1, the inequal-
ity (30) is satisfied, concluding the proof. O]

Proof of Proposition 4.5. The proof relies on Lemma 5.2. Let K be a compact set
containing the interval [Fy — 4, Fy + 6] with Fp the initial value of the boosting
procedure and § > 0. Let A as in Lemma 5.2 and A € (0, Ao]. We prove that |1 —
Fyl|o < 0 implies L (Fm+1) < L,(F}). Consider a leaf of the tree T'(-; F, (ns1)
that contains the values (z;);c; for some I C [1,n]. Applying Lemma 5.2 with
k = card(I) and z; = F\(z;) € K for i € I, we obtain

ZL yla m+1 1'7, < ZL ylv

el el

In words, the updated model rqduces the error within each leaf. Summing over all
leaves, we get L, (F) +1) < Lo(E)) so that the updated model reduces the training

error. This shows that the training error is non-increasing as long as (F{r\L)mzo
remains in the ball A = {F : ||F — Fy|o < 6}

We next evaluate the time needed to exit A. Let C'= L, (Fp) be the initial value of
the training error. By Lemma 5.1, L,,(F}) < C implies

IT(5 EA, Gt lloo < M = M(C)  as.,
whence we deduce

1En = Enlloe = AT By G oo SAM s,

As long as (ﬁ 2)m>0 remains in A, the training error is non-increasing and hence
lower than its initial value L, (Fy) = C and this implies |F)\,; — Filleo < AM. To
exit A, the chain must travel the distance d at speed less than AM so that at least
0/(AM) iterations are needed. Renormalizing time, we get that ¢ — Ln(ﬁ[;\//\]) does
not exit A and is non-increasing on [0,7] with 7" = §/M. Since § > 0 is arbitrary
and M depends only on C' = L, (Fp), we conclude the proof by taking 6 = MT and
choosing A\ accordingly. O]
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Proof of Theorem 4.4 (i).

The proof of Proposition 4.1 is easily adapted to prove that 7+ and 7~ are lo-
cally Lipschitz from (B, ||-||s) into (T, [|-|[Tv). Indeed, with exactly the same proof,
Equation (27) can be modified into

(. L AT ) — 1,7+ _ .t
1745 P ) = T3 FL) v = g e = B g v
< 40| F — F!| oo,

and similarly for the negative part f‘( S FE) — f‘( S FE).

Because a funcgions F € L% is well defined at (xi)1<i<n and because the softmax
gradient trees T*(-; F, &) depends on F only through the values (F(x;))1<i<n, the
operators 7, 7T : L2 — L2 are well defined and also locally Lipschitz as

IT*(F) = T*(F)lug < |T*(F) = T*(F)
< O max [F(z) — /()

< nC||F = F'||12.

The fact that 7= are locally Lipschitz operators implies the existence and unique-
ness of local solutions to the ODE (20). Proving that the local solution started at
(Fi7, Fy) at time t = 0 can be extended uniquely into a maximal solution on [0, 00)
is done exactly as in the proof of Theorem 4.3 and the existence and uniqueness of
global solutions follows.

When (Fy", Fy') € Tt x T, the integral representation
t
FE() = B+ [ T=(P(s))ds, 20,
0

implies that F£(t) € T+ because TE(F(s)) € TT for all s € [0,t]. Considering the
difference between the positive and negative components, we get

¢
F(t) = F(0) + / T(F(s))ds, ¢>0,
0
proving that (F(t)):>o is the solution to ODE (15) started at Fj. O

Proof of Theorem 4.4 (ii). Our strategy is the following:

e Step 1 — tightness. We consider a sequence A = A(N) — 0 and prove that
the sequence of processes (Fif, F1yy)izo is tight in D([0,00), L2 x L2). We
use here the fact that the processes take their values in T c L2 which is a
proper metric space, i.e. in which bounded sets are relatively compact.

e Step 2 — identification of the limit. We show that the weak convergence

(F[?/J&]a F[?/_A})tzo ~ (B F )iso in D([0,00), L2 x L2) (31)

along a subsequence A(N) — 0 implies that the limit (F;", F;") is the unique
solution of the ODE in L2 x L2 considered in Theorem 4.4 (i). We use here
the convergence of martingales associated with the Markov chain.
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Steps 1 and 2 together imply the announced convergence in D([0, 00), L2 x L2).

e Proof of Step 1 — tightness.

Fix T > 0. By Proposition 4.5, for A € (0, A\o], where A\g may depend on T, the
training error ¢ — L, (F}} it/y) 1s a.s. non-increasing on [0, 7] and hence bounded from
above by its initial value C' = L, (Fp). Then Lemma 5.1 implies the following control
of the increments: for 0 < t; <t, < T,

HF[i;i/)\] t1/>\]HTV A([t2/A] = [t1/N]) 47M. (32)

Indeed, there are [to/)\] — [t;/)] increments, each with norm less than A\4¢M. This
implies the following global control in total variation norm:

||F[?7[A]||Tv < || Follrv +4*MT, t€[0,T).
We deduce that the Markov chain remains up to time 7" in the set

K:={FeT" :|F|g <|Fllwv +4MT},

which is a compact subset of T according to Proposition 3.6. This proves a compact
containment condition: for all A € (0, Ao,

P((Ffy Fly) €K x K, te[0,T]) = 1.

Furthermore, Inequality (32) allows to control the modulus of continuity of the path
t— F[;\/jf\]. We define, for 6 > 0,

) _ PAE Pt
wins(9) = ogt?lﬁlgg’ HF[Q/A] F[tl/A]HTV
[t1—t2]|<d

Inequality (32) implies
Wit (0) < (6 + N4°M  as.

Taking 6 < n/(2-49M) and X < inf(§, \g), we have
P (wpns (5) = 1) = 0

According to Ethier and Kurtz (1986, Chapter 3, Corollary 7.4)& we obtain the
tightness in D([0, 00), L2 x L2) of the sequence of processes (F[;\Z\], F[;\/_)\])tzg , where
A = A(V) — 0 is an arbitrary sequence.

e Proof of Step 2 — identification of the limit.
Assume the weak convergence (31) along a subsequence A = A(N) — 0. Consider
the processes (G7¥);>0 in D([0, 00), L2 x Li) defined by

We take here the (Bochner-)integral of an L2-valued function and refer to Diestel
and Uhl (1977) for integration in Banach spaces. We will only integrate locally
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bounded L2-valued functions, which are Bochner-integrable simply because L2 is
separable. In this context the integral behaves mostly as usual: in particular, for a
continuous integrand ¢ — ¢(t), the function ¢ — [I (s)ds is C* with derivative .

Consider the map ® : D([0,00)L2 x L2) — ([0, 00), L2 x L2) defined by ®(F*) =
G* with

s

t
Gt=F*_Ft —/O TH(FY — F)ds, t>0.

Because ® is continuous and (ﬁ[?/lt\])tzo 4, (FF);s0, the continuous mapping theo-
rem (Billingsley, 1999, Theorem 2.7) implies the convergence

(GY)iz0 = ®((Fh))iz0) = B((F)iz0)- (33)

On the other hand, consider the discrete time processes

MY = [0% — FE - 2NN TE(ENds, m > 0. (34)

k=1

Its increments are given by

m

= ATH (- B Cngt) = AE[TH (- B Congr) | E], m > 0.

Mﬁil - Mﬁ\@i - Ffr\il - F/\i - /\Ti(ﬁ;r\z)

This shows that (M)*),,>o are martingales with respect to the filtration JF,, =
o(Ce, 1 <k <m), m >0, with values in L2. More precisely, (M*),,>o are square-
integrable martingales with values in the separable Hilbert space L2. For the exis-
tence of conditional expectation and properties of square-integrable martingales in
Hilbert spaces, we refer to Métivier (1982). Here we will use only basic properties

that are satisfied exactly as in the scalar case, namely the fact that

E[IMEIR] = SOR[IMEE — M5 2,]. (35)

k=1

and Doob’s inequality

E| sup 1M1, | < 4B [0 3], (36)
0<k<m

We prove below that, as N — oo,

sup HG;\i — M[?/i/\} L 0 as, (37)
0<t<T -
and
sup HM[;%] , — 0 in probability. (38)
0<t<T L

Equation (37) is rather straightforward and consists in handling a boundary term.
Indeed, writing the sum in Equation (34) as an integral, we get

A Alt/A o
P + T
M7 = Fgn — o _/O TH(5 Fgyy)ds
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and .
At At +0 . A
Gy = Mgy = /A[t/)\] T(- ,F[S/A]) ds.
By the triangle inequality, we deduce

Mt
sup HG [t il
0<t<T

< A sup H’T F[;\/A]) Lo

0<s<T

Since ||-||z2 < ||-[[rv, by Proposition 4.5 and the proof of tightness above, the supre-
mum remains bounded for A € (0, \g] whence we deduce the almost sure convergence
to 0 as A(N) — 0.

For the proof of (38), consider (35) with m = [T'/A] and X € (0, \¢]. We get
E[IM7 1T | = S E[IMT - M%)
— Z T3 B Gner) = THED 2]

Again because ||-[[zz < [|-||tv and since TE(-; FX Cngr) and T=(E) are almost
surely bounded in total variation by a deterministic constant, we have E {H M) ||%2} =
O(A) — 0. An application of Doob’s inequality (36) is enough to conclude.

Putting (37) and (38) together, we get
(G)is0 —2 0 in D([0, 00), L2 x L2),
so that (33) becomes
PPty /OtTi(Fj _Fyds,  t>0.
In other words, (F+);> is the solution to the ODE (20). O

Proof of Theorem 1.9. We assume here that, for all ¢ € [0,7], FQL and Ft_ are
continuous on [0, 1] and that ¢ — F}= are continuous for the uniform norm — this
is a consequence of Proposition 4.11 below. Let us fix T"> 0, ¢ > 0 and 6 > 0 such
that

sup ||.FAWIEE—1’3§E||oo < e. (39)
t,s€[0,7)
[t—s]<é

Let us also fix a subdivision 0 =ty < t; < --- <t =T with ¢;, — t,_1 <.

Using Skorokod’s representation theorem in the separable space D([0, 00), L2 x L2),
let us assume that (F[;\/j;])tzo — (F§)s>0 almost surely. Because the Fj- are contin-
uous and in T, Proposition 3.6 (i) implies

15 = Ffle — 0, 0<i<k (40)

almost surely as A — 0. By construction 2\ it/ )\]( x) is non-decreasing in ¢ for all x, so
that we have

Fpr g S FRy < Fiyy for t € [t ],



By the construction of the subdivision (;)o<i<x based on Equation (39), we deduce

||Ft/)\ Ft:tHOO < max (HF[;iI/A] Fi oo, HF[?:‘/:/\] _Fti”oo)
< max ([|Fp% ) = FiE lloor I1E05y = Fiflloo) + 2

Therefore Equation (40) implies limsup, _>0Hﬁ’[;\/jf\] — F¥|le < e. Since & > 0 is
arbitrary, this concludes the proof of Theorem 1.9. O
5.3.3 Proofs related to Section 4.3

Proof of Proposition 4.6.

(i) This monotonicity property is established in the proof of Theorem 4.3, see
Equation (29).

(ii) Because L is convex and differentiable with respect to the second variable,
the initialization (5) implies that 7, = 0 at time ¢t = 0. Similarly as in Equa-
tion (29), the derivative with respect to ¢t > 0 is given by

3 L5 ) @) T (g Fuw)
dt nZ t xz 8 2 Yi, X
1 " 8L
Z Z ylaFt T )]lA (xz)
n ve{0,1}4 i=1

In the second line, for each term indexed by v, a factor 3 %5 > (i, Fo(z)) 14, (2:)
is canceling out. The third line follows because the sum of all terms is equal
to 7, and does not depend on the randomness (.

Equation (41) implies that 7, = rge~*. This is equal to 0 for initialization (5).
Interestingly, a different initialization would provide an exponentially fast de-
cay of the residuals mean. O]

The following Lemma will be used in the proof of Proposition 4.8.

Lemma 5.3. Let (z4,7;)1<i<n and (B, K,d) be fized. Consider J C [1,p] with
|J| < d and define

Ah) ={z€[0,1P : VjeJ 2/ <k}, helo1].
Then for any ho € [0,1]" and o > 0, there exists ¢ > 0 such that
PB,K(Ao(f) = A(h) for some h such that ||h — ho||e < Q) >q,

where Pg i is the splitting scheme distribution in Equation (19) and Ao(€) is the
region containing 0 in the partition associated to &. Furthermore, the constant q
depends only on p, B, K,d, 0 and R := max;|r;|.
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Proof of Lemma 5.5. We first consider the case 8 = 0, i.e. Pgx = Fp, and prove
that the event

Ehy.o = {Ao(§) = A(h) for some h such that ||h — holle < 0}

satisfies Py(Ep, ,) > ¢ with ¢ > 0 depending only on p, d and p. Possibly shifting
ho by a small distance and reducing p, we may assume without loss of generality
that hg € [p,1 — p|’. For simplicity, assume first that |J| = d, and let j; < --- < jq
be the increasing enumeration of J. We recall the notation £ = (j,, uy)vez, , and
observe that the region Ay(£) containing 0 depends only of the values (j,,u,) for
the d leftmost nodes in .7;_; that we denote by vy, vs,...,v,. We then have

PO(EhO,Q) > P0<Vk S [[Ld]]u jvk = Jk and Uy, € [h%k -0 hék + QD

20\ ¢
JORY

p
This simple argument is adapted to the case when |J| = r < d by considering the
sequence j; < --- < j, = ... = jg and noting that { € Ej, , if and only if

Joo = gk and  w,, € [AY — o bl 4+ o], fork=1,...,7r—1,
and
jvr:"':jvd:jra Huvd hjr_@ahjr—"g]

Further details are left to the reader.

Next we consider the case § > 0. Since Pj k is absolutely continuous with respect
to Py according to Proposition 2.1, we can write

dpP,
Pok(Broe) = [ “gp(€) Plde).

We prove that the Radon-Nykodym derivative (19) is bounded from below by a
positive constant. By definition each of the A(s*, uF; A,(€)) is a nonnegative poly-
nomial with degree 2 in the (r;) and with coefficients bounded by 2. Therefore there
is a uniform bound

0 < A(sF uk: A, (6) < C,

v v

where C' depends only on R := max;|r;|. This implies that each factor in (19)

satisfies )
ep(BA(sh U AE) 1
Sier exp(B A(sk, ub; A,(€))) T 14 (K —1)e@
We deduce that the Radon-Nykodym derivative (19) is bounded from below by a

positive constant depending only on 3, K,d and R. Since Py(Ey, ,) > ¢, this yields
a lower bound for Ps x(E}, ,) and concludes the proof. O

Proof of Proposition 4.8. It is trivially checked that, for F' € B, the nullity of the
residuals r; = %E(y;, F(x;)) implies T(F) = 0. We prove here the converse implica-
tion under assumption (A5). We consider F' € B such that (r;)1<i<n, # 0, and our
goal is to show that T (F) # 0.
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Recall from (29) that we can write

2
" iz Tila, (l‘z‘))
T(F)(zi)ri = —E ~ ( .
iz::l ‘ ye{zo;l}d i=1 %(QDF(%))]IAU (:)

It is therefore sufficient to show that the sum under the expectation is not null
with positive probability. All the terms being nonnegative, we show that the term
corresponding to the region A, is positive with positive probability. Consider the
set of indices ¢ € [1,n] such that r; # 0, and among those, fix iy such that x;,
is minimal for the lexicographic order on [0,1]”. Under assumption (A5), there is
J such that the (z]); are pairwise distinct, which ensures the positivity of ¢ =
min <;, <j,<nllz} — 2 ||c > 0. By definition of iy and o, for b € (z, 2] + o)
(addition by ¢ meant componentwise), the region A(h) contains only one point x;
corresponding to a non-null residual and this point is z;,. Lemma 5.3 shows that
Ps k (Ao(f) = A(h) for some h € (:L‘;{), :L‘;{) + Q)) > 0.

On this event, we have (X1, r;14,(x;))* = 2 > 0 and the sum is positive. This
implies that Y1, 7 (F)(x;)r; # 0 and hence T (F) # 0. O

Proof of Proposition 4.10. According to Proposition 4.6, the non-negative function
t — L,(F}) is non-increasing. We denote by £ > 0 its limit as t — +oc and we
prove that £ = 0. We proceed by contradiction and assume that ¢ > 0. Then we
will prove below that

d .
sup — L, (F;) < —n for some n > 0,
>0 dt

whence L, (F}) < L,(Fy) — nt, yielding a contradiction because the function is non-
negative.

We will use the following properties of L,:

(i) for fixed (y;)1<i<n and ¢, > 0, there is a constant R > 0 such that L,,(F) < ¢,
implies
oL
max ‘a(qu(Iz))‘ < R;

1<i<n

(ii) for fixed (y;)1<i<n and €y > 0, there is a constant ¢ > 0 such that L, (F) > ¢,
implies
oL
112%\5(%,1’(%))’ > 6.
The first point relies on the fact that z — L(y, z) is convex and non-negative for all y
(Assumption 1.8). The second point uses the fact that z — L(y, z) has infimum 0
(Assumption (A3)); then L, (F) > ¢y implies L(y;, F'(z;)) > fo/n for some i, so
that F(z;) is far from the minimizer of the convex function z — L(y;, z) and the
(non-increasing) derivative must be bounded away from 0.
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We let ¢g = ¢ >0 and ¢, = Ln(FO). Note that ¢5 < Ln(ﬁt) </ Afor all t > 0 so that
we can make use of the bound () and (ii) above. By (29), &L, (£}) = X, T (F})(2)r;
where

2
LI 2icirilla, (z:)
ZT(Ft)(xi)ri =~ Z n (a2L ) )
i=1 ve{0,1}d 2wi=1 a7 (Wi, F(i))1a, ()

where we use again, for conciseness, the notation r; = g—f(yi,ﬁ’t(xi)). We need

to provide a lower bound for Y1 | T(F)(x;)r; when ¢y < L,(F) < ¢, and use a
similar argument as in the proof of Proposition 4.8. Let J be the set of coordinates
appearing in (A5) and set ¢ = § min;, 4, ||z} — 27 || > 0. Consider the sets

Ah)y={z €[0,1” : &/ <IW forall j € J}, hel0,1].

By (ii) above, L, (F) > {, implies that there is an index i such that |r;| < 4.
Introducing the function

S(h) = Z Ti]lA(h) (:L’Z),
i=1

we have
r = > 0,8z 4 ov) with o, = (=1)2k L=t (42)
ve{-1,1}7

This is due to the fact that S is a tree function on [0, 1]7 with ug = >, 73, and

that m;{) is the only atom in the hypercube [:B;{) -0, x;’o + o] — addition by ¢ meant
componentwise. Then the bound r;, > ¢ together with Equation (42) imply that

‘S<xi0 + Q’U)’ > 2_|J|’ri0| > 2_d5

for some v € {—1,1}/ . Furthermore, by construction we have S(h) = S(z; + ov)
for all h such that [|h — 2] — ov|lo < 0. Now we use Lemma 5.3 to bound from
below the probability of the event

E = {Ay(&) = A(h) for some h € [a:;{) — 0, 13;]0 + o]}

More precisely, we have Ps x(E) > ¢ > 0, where ¢ depends only on p, 5, K,d, o
and R > max;|r;|. By point (i) above, R depends on ¢; but not on F' satisfying
2
L,(F) < {¢;. On the event E, we have (Z?Zl ri]lA(h)) > 4746% and, by (A4),
" 9?L
> @(yi, F(x;))Lam < nC,

=1

where C' depends only on R and the (y;). Therefore on the event E, we have

2
(Z?zl Tz']lA(h)> - 4452
n Oy, Fa))Lagy ~ nC

whence we deduce

2
S rila, (z;) 4~d§2
E£ Z n <82L ) > q C > 0.
vefonyd et 557 (Yir Fl(2:)) 1, (25) n

40



This proves that Ln(Ft) — 0. It follows that L(y;, Ft(a:l)) — 0 for all i Since 0 is
the infimum of the convex function z — L(y;, z), the convergence 2= (y;, Fy(z;)) — 0
holds for the derivative as well, ending the proof. n

Our proof of Proposition 4.11 relies on the following lemma.

Lemma 5.4. For all F € B, T(F) € W and the mapping T : (B,|[|s) —
(W, ||-[lw) 4s locally Lipschitz. Furthermore, the same is true for T+ and T~.

Similarly as in Remark 4.2, the inclusion W C B with norm inequality ||F|le <
7o([0, 1]P)||F|lw for all F € W implies that 7 can be seen as a locally Lipschitz
operator on (W, ||-||w).

Proof of Lemma 5.4. We consider only the proof for 7 which is easily adapted for
T+ and T~ by considering the positive and negative part of the gradient trees. It
is enough to prove the following properties:

(i) for all F' € B, there is M > 0 such that
|7y (A)| < Mm(A),  for all borel set A C [0, 1]7;

(ii) for all R > 0, there exists M > 0 such that for all F' and F’ € B satisfying
max (|| Flloo, [[F']loc) < R,

|y (A) — pry(A)| < M||F — F'||omo(A),  for all borel set A C [0, 1]7.

Proof of (). According to Proposition 3.3 and its proof, for each splitting scheme &,
the measure associated to the gradient tree T'(-; F, £) is a point measure with atoms
at the vertices in [0,1)” of the partition (A,({))yefo13¢ and each atom has a mass

with absolute value less than ||T(-; F,€)|lry. By the definition of 7¢, this implies

duz.p ~
1 B 76
Hi(.ipg < Mg With ’d;g)(l’)‘ <T(5E Ny < C,

for some C' > 0 that depends only on || F'||« — this last inequality is a consequence
of Equations (27) with F" = 0. We deduce

neds) ) 25 (€) Po(de)

r(e ()] = | [ 17 ) (4) Pac(d9)
d/li:(';F,f) (z)

<[

< [omy 29 Pa(ag).

Since ddeDL)K (&) < K2'~1 according to Equation (19), we get

i (A)] < CK¥ [ me(4) Po(de)
= CK* 'my(A).
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We deduce prpy < m with Radon-Nykodym derivative bounded by CK 21 5o
that T(F) € W.

Proof of (ii). With similar notation as in the proof of Proposition 4.1, we compute

|\ ey (A) — ey (4)]
dps A )
< [ ([ [0 ) - IS ) () ) 2 O R
(] (0)|retan)) | 225 (9 ae) — 25 (9| o)
dPs k

</</||T P& —T(-; F §)||Tv7rg(dx)) P, () Po(dS)

d dP}
+ [ eml |2 ©rg - <2

< (UOKY " + CR)||F — F'||soro(A),

d“T AHT( e

Fo(d§)

where the constant C' depends on R but not on F or F’. The last inequality relies
on Equations (27) and (23). O

Proof of Proposition 4.11. We consider the proof for (ﬁt>t20 only since it can be
easily adapted to (Fj")i>o and (F} );>0. By Theorem 4.3, infinitesimal gradient
boosting is a solution of the ODE (15) in the space (T, ||-||tv) so that

~ ~ t ~
Ft:FoJr/ T(£)ds, ¢>0.
0

By Lemma 5.4, T takes its value in W C T and, since Fy € W, it implies that
F, € W for all t > 0. Furthermore, 7 : W — W is locally Lipschitz so that (ﬁt)tzo is
the unique solution of the ODE (15) in (W, ||-|[w). Therefore infinitesimal gradient
boosting defines a smooth path in W. ]
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