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NOTATIONS

General
-1l
(-5-)
Xt
sign(x)

Sets

N>o

R"™
Rmxn
[n]
yX

Scalar product
Euclidean norm
The pseudoinverse of X

Sign function, sign(xz) = 1ifx > 0, sign(x) = —1ifx < 0 and sign(0) =0

Set of non-negative numbers

Set of positive integers

Set of real numbers

Set of real valued vectors of dimension n

Set of real valued matrices of dimension m x n
The set of integers {1,...,n}

The set of functions defined of X’ and taking values in

Differential operators

V()

Vyf(z,y)

df(x)

Oy f(x,y)

V2 f(z)

Landau notation

f(@) = Oalg())

Gradient of f at

Partial gradient of f with respect to the variable y at (z, y)

Differential of f or Jacobian of f atz

Partial differential of f or partial Jacobian of f with respect to y at (z, y)

Hessian of f at

There exists a constant C' > 0 independent from « and a neighborhood V, of a
such that |f(z)| < C|g(x)| for all z € V,. When the context is clear, we will omit
the subscript a.
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f(z) = O,(g(x)) There exists a constant C' > 0 independent from « and a neighborhood V, of a
such that | f(z)| < C | log(z~1)g(x) | for all z € V,. When the context is clear, we
will omit the subscript a.

f(x) = Qalg(x)) There exists a constant C > 0 independent from x and a neighborhood V, of a
such that C|g(z)| < |f(x)| for all z € V,. When the context is clear, we will omit
the subscript a.

f(z) = 04(g(x)) There exists constant C; > 0 and C; > 0 independent from « and a neighborhood
V, of a such that Cy|g(x)| < |f(x)| < Cs|g(z)| for all z € V,. When the context is
clear, we will omit the subscript a.



CHAPTER 1

INTRODUCTION

Sommaire
1.1 Introducing example: from hyperparameter selection to bilevel optimization 2
1.1.1 Supervisedlearning . . . .. ... ... ... . . . . . e 2
1.1.2 Generalization and regularization . ... ................. 4
1.1.3 Hyperparameter selection as a bilevel optimization problem . . . . . . 5
1.1.4 From zero-order to first-ordermethods . . .. ... ........... 6
1.2 Bileveloptimization. . . . . . . . v v i ittt ittt i et 8
1.2.1 General definition and historical perspective . . . . ... ... ..... 8
1.2.2 Singleton lower-level solution . . . . ... ... ... ........... 9
1.2.3 Stochasticproblems . ... ... ... ... ... .. .. . . 10
1.3 Other machine learning applications of bilevel optimization . . . ... ... 11
1.3.1 Datareweighting . .. ... ... .. ... 11
1.3.2 Implicitdeeplearning . ... ... ... ... ... ... .. ... ..., 12
1.3.3 Neural architecturesearch . . . . ... .... ... ... ... ..... 13
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The recent years have witnessed the development of cutting-edge technologies based on artificial in-
telligence across various fields such as healthcare, finance, and social science. These advancements,
driven by machine learning, have been enabled by the combination of vast data availability, increased
computational power through the development of GPUs, and the creation of increasingly complex and
expressive models. Machine learning algorithms enable systems to automatically learn tasks by ob-
serving data examples and generalizing from them. This data can take many forms, including images,
tabular data, and text. Typical tasks include generating new data samples (e.g., generating realistic
images), classification (e.g., predicting whether a picture depicts a dog or a cat), and regression (e.g.
predicting a house’s price based on features like size or location).

To perform these tasks, we generally consider a parametric model (e.g., a neural network) and a mea-
sure of error, which quantifies how well the model performs on data. Training the model involves
finding the model’s parameters that minimize this error measure using an optimization algorithm.
This approach has led to the development of efficient optimization algorithms tailored to the specific
structure of machine learning problems.

Recently, machine learning problems with a hierarchical structure have emerged. In these problems,
evaluating a potential solution requires solving an auxiliary problem that depends on the considered
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solution. For instance, when evaluating a model’s generalization performance, we train it on train-
ing samples and then estimate its performance by computing the error on validation samples. Bilevel
optimization provides a natural framework for formalizing such hierarchical problem structures. Due
to its wide range of applications, such as hyperparameter selection, training deep equilibrium mod-
els, and meta-learning, bilevel optimization has gained significant interest in the machine learning
community. This interest has led to the development of new algorithms explicitly designed for bilevel
structures. While these algorithms share some similarities with classical single-level optimization al-
gorithms, efforts are needed to enhance their efficiency and understand their behavior.

In this chapter, we introduce the formalism of bilevel optimization and demonstrate its usefulness for
various machine learning applications.

1.1 Introducing example: from hyperparameter selection to bilevel
optimization

This section details how one can translate a machine learning problem into a bilevel optimization
problem. We take the hyperparameter selection problem as an example.

1.1.1 Supervised learning

In what follows, we briefly overview the supervised learning paradigm. For more detailed presenta-
tions, interested readers can refer to the following textbooks: (Hastie et al., 2009; Shalev-Shwartz and
Ben-David, 2014; Bach, 2021).

Supervised learning is a machine learning paradigm aimed at predicting an outcome y € ) from an
input z € X. The input z can be an image, for example. The nature of the output y depends on the
task: either regression or classification. In regression, the output y is quantitative and takes values in
a continuous space, such as ) = R (e.g., temperature or house price). In classification, the output
y is categorical and takes values in a finite set. For instance, in binary classification, Y = {-1, 1}
(e.g., —1 if the input image does not contain a cat, 1 if it contains a cat), and in multi-class classifica-
tion,Y = {1,..., K}

Mathematically, pairs of input/output (z, y) can be viewed as realizations of a random variable (X,Y),
which takes values in the measurable space X' x )/, endowed with a joint distribution P(x y. Predic-
tions are performed using a prediction function % defined on X. Therefore, learning to predict Y from
X involves finding the best prediction function 4 from a hypothesis set ¢ J* such that h(X) ~ Y.

To evaluate the quality of a prediction, we introduce a loss function ¢ : Y? — R* that measures the
discrepancy between two elements of ). This loss function is such that ¢(y, y’) is small if y and ¢’ are
close and large otherwise.

Example 1.1. These are classical choices of loss function depending on the downstream task:

* The squared loss defined by ((y,y') = 4 (y — y')? is often used in regression tasks where ) = R.

* The binary loss defined by ((y,y') = 1,+, is the most natural loss for classification tasks where
y={-11}ory={1,...,K}.

The previous binary loss poses computational challenges because it is non-convex and non-differen-
tiable. This makes the problem of learning directly with this loss NP-hard (Ben-David et al., 2003; Feld-
man et al., 2012). In practice, convex surrogates are preferred because they are easier to optimize.

e The logistic loss ((y,y') = log(1 + e~¥¥") is often used in binary classification. For this loss, the
constraint of havingy' € {—1,1} isrelaxed toy’ € R.
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* The logistic loss can be extended to multi-class regression loss. In this case, if we have K classes,
we can encode the output y as a one-hot vectory € {0,1}% and the prediction y' as a vector in
[0, 1]%. Then, the loss considered is the cross-entropy loss given by ((y,y') = — Zle yi log(yy,).

To get a measure of performance of a prediction function . € H on the joint distribution P x y), we
introduce the expected risk is defined by

R(h) = ]E(va)’\"P(X,Y) [é(Yﬂ h(X))] . (1.1

The lower R (%), the better the prediction function h. Thus, one can find the best prediction function
by minimizing the expected risk over the set of functions #. This yields the following optimization
problem

min R(h) . (1.2)
heH
The function 4 is often chosen among a parametric family of functions (hy)gco Where O is a subset of
RP. This converts Problem (1.2) into the following finite dimensional optimization problem

i 1.3
min R(hg) . (1.3)

In practice, we do not have access to the joint distribution P(x y, making the computation of R (hy)
intractable. We would rather have access to a finite number of realizations of (X,Y). We denote
pirain — [(plrain ytrain)in - these realizations. The set D" is called the training set; its elements
are the training samples. The Empirical Risk Minimization (ERM) problem consists in using the em-
pirical average of the loss over the training set as a proxy for the expected risk, leading to Problem (1.4)

n

P A l train train
min R(6) £ ~ ;ayi  ho(f™)) (1.4)

Example 1.2. The most simple instance of this problem is the least squares regression problem. It con-
sists in assuming that the following linear model links Y and X

Y =(X,0%) + o¢

withe ~ N(0,1), o > 0 and some 0* € RP to estimate. If (z{rain yfrain)  (glrain ytrainy gre jj d.
realizations of (X,Y), we can estimate 0 by maximizing the likelihood of the training samples

n n
. . 1 . .
t t _ t t 2
pux [Tt 0) = exp | 75 D1 = Gat, )
1= 1=
By taking the logarithm, adding a minus sign, and removing constants in the previous expression, find-
ing the Maximum Likelihood Estimator of 0* is equivalent to solving the following ERM problem

n

. . 1 train train\2
min g(6) = %Z;(m ) =y

With the notation of Problem (1.4), the prediction function hy is defined by hy(x) = (x,0) and the loss
function ( is the squared loss ((y,y') = +(y — y')2.
Let us denote the design matrixX = [a{®" . :p}fai“]T € R™Pand¥Y = (yiin, ... yoain) € R™. The
function g can be written as
1
)= —||X0-Y|? .
9(6) = 5-I1X0 — Y|
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The function g being convex and differentiable over R?, we will see in Chapter 2 that minimizing it is
equivalent to finding the zeros of its gradient. Since the gradient of g is given by Vg(0) = 1 X7 (X6 -Y),
a least squares estimator is a solution of the following linear system

X'X0=XTY . (1.5)

The solutions of Equation (1.5) are given by the affine space ker(X) + X1Y. In particular, if X is full
rank, the least squares estimator is unique and is given by 0* = (X" X)X TY.

1.1.2 Generalization and regularization

Assume that R defined in Problem (1.4) has a minimizer §* over the parameter space ©. This ensures
that the prediction function hy- is the one that performs best on the training samples among all the
(he)gco. However, our goal is not just to perform well on the training set but also to predict accurately
for any new input-output pair (z,y) drawn from the joint distribution Px y. This is known as the
notion of generalization. A possibility to measure the generalization performance of hy- is to use a
validation set D¥* = {(z}*!,y3!)}7, distinct from the training set and evaluate the average error on
this validation set, often referred to as the hold-out loss

m

A 1 va va
FO) 2 — > 0™ e (25)) - (1.6)

j=1

A high value of f(6*) coupled with a low value of the training error g(6*) indicates that the model fits
the training data too closely but does not generalize well to new data. This phenomenon is known as
overfitting. Overfitting is closely related to the complexity of the model, which refers to the model’s
capacity to approximate complex functions. Generally, more complex models require more training
samples to avoid overfitting.

Example 1.3. To illustrate the overfitting phenomenon, we consider a polynomial regression problem.
We generate realizations of (X,Y) as follows: X ~ U([-1,1]) andY = f(X) + oec with f defined by
f@)=2?—1,e~N(0,1) ando = 0.1. Forp € {1,...,15} and 6 € R?, we take as prediction function,
a polynomial of degreep — 1

p—1
hg(.r) = Zekl‘k .
k=0

In this setting, the higher the degree of the polynomial, the more complex the model. We learn a vector
0 € R? by solving the following least squares problem

: 1 S train trainy\2

min g(0) = — ;(yi — he(z}™™))? . (1.7)
In figure 1.1, we display the training samples, and we plot the learned prediction function hy- for the
different values of p and the function f. We observe an underfitting phenomenon for the degrees 0 and
1: the training error is high because linear models are not expressive enough. We observe an overfitting
phenomenon for the highest degrees: the prediction function fits very well on the training samples but
does not generalize well. This is confirmed by figure 1.2, which shows that the training error decreases
with the degree while the test error decreases and then increases.

Overfitting can be prevented by limiting the model’s complexity. One approach is to reduce the size of
the set of prediction functions under consideration. For instance, in Example 1.3, this involves lower-
ing the polynomial degree of the prediction function. Another method is to regularize the optimization
problem as shown in Problem (1.4). It consists in adding a penalty function Q : © x A — R* to the
empirical risk which helps control the model’s complexity. The regularization term is parametrized by
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Degree 0, Degree 3, Degree 6, Degree 9, Degree 12,

oo train error: 0.08test error: 0.16 train error: 0.01test error: 0.01 train error: 0.01test error: 0.47 train error: 0.01test error: 21.90 train error: 0.00test error: 382848.95
T

. Trammg ssmples ®  Training samples ®  Training samples ®  Training samples ®  Training samples
0.75 =a? — f(@)=22-05 — f(@)=22-05 — f@)=22-05 — f@)=22-05
Deg ree 0 Degree 3 Degree 6 Degree 9 Degree 12

050
0.25
0.00 oA
—0.25 . . .

0.50

L] []
075 . . . .

—1.00

-1.0 —0.5 0.0 0.5 10 -1.0 -0.5 0.0 0.5 10 -10 —0.5 0.0 0.5 10 -10 -0.5 0.0 0.5 10 -10 —0.5 0.0 0.5 1.0
x x x x x

Figure 1.1: Illustration of overfitting in polynomial regression with n = 20 training samples. For each
plot, the black dots are the training samples, the green curves are the true function, and the blue
curves are the prediction function. Each plot corresponds to a different polynomial degree. The degree
increases from the left to the right. For the smallest degrees, the training and the test errors are high.
The training error is low for the highest degrees, while the test error is high.

106
—— Train error
5 100 — Test error
o
°
5 104
3
F
é 100.
=
10-2 4

Degree

Figure 1.2: The train and test errors for the polynomial regression problem. The train error decreases
with the degree of the polynomial. The test error decreases until the degree 3 and then increases,
showing the overfitting phenomenon.

another set of parameters A € A leading to the following training problem

(A, 0) £(ytr2in | hg (e QA 0 . 1.8
min g(}, Z )+ QN 0) (1.8)
——
data fidelity regularization

In Problem (1.8), the training loss comprises two terms. The first term is the data fidelity term, which
ensures the prediction fits the training samples well. The second term is the regularization that pro-
motes some property on the learned parameter. Note that different regularization parameter values A
yield different solutions of Problem (1.8). We make this dependency explicit by denoting 6*()\) as the
minimizer of g()\, - ). Several kinds of regularization are proposed in the literature depending on the
properties we want to enforce to the learned parameter 6* (). The most simple is the ¢?-regularization
proposed by Tikhonov and Arsenin (1977) where Q(),6) = 3||0||> with A € R*. In the context of least
squares with ¢?-regularization, we talk about Ridge regression (Hoerl and Kennard, 1970). In deep
learning, the ¢2-regularization is often referred to as weight decay (Krogh and Hertz, 1991). It reduces
the magnitude of the solution #* (), yielding less variance in the prediction. The ¢*-regularization was
also proposed by Tibshirani (1996) and is defined by Q()\, 8) = A||0||;. It has the property to promote
sparse solutions, that is, solutions with many zero entries.

1.1.3 Hyperparameter selection as a bilevel optimization problem

For each A € A, the learned parameter 0*(\) is different, leading to different generalization perfor-
mances of the learned model. This hyperparameter has to be set before training the model. This
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choice of the hyperparameter is the hyperparameter selection problem. It is generally chosen to min-
imize some criterion.

Different criteria are considered in the literature. The hold-out loss we already mentioned in Equa-
tion (1.6) (Devroye and Wagner, 1979) is based on the split of the dataset into a training set and a
validation set. It reads

N = o D b6

1
where 6*()\) = argmin — O(ysmim hg (zi20)) 4 Q(N, 6) .
(A) = gm nz (™)) + QA 0)

The cross-validation loss (Stone, 1974; Geisser, 1974) consists in splitting the dataset into K distinct
datasets Dy,..., Dk, named folds. For each fold, the model is trained on the remaining folds and
evaluated on the current fold. The cross-validation loss is the average of the hold-out losses on the K
folds:

K
Zﬁ > Uy, horay(@),)

( 7y) €Dy,

where 6} ()\) = argmin ——— Z Z Ly, ho(x)) + 2N, 0) .
S Ze 1|D |s 1(“,)61)

Other criteria include Stein’s Unbiased Risk Estimator (SURE) (Stein, 1981), Akaike Information Cri-
terion (AIC) (Akaike, 1974), and Bayesian Information Criterion (BIC) (Schwarz, 1978). SURE, more
popular in inverse problem literature (Donoho and Johnstone, 1995; Xiao-Ping Zhang and Desai, 1998;
Pesquet et al., 2009), is an unbiased estimator of the model’s risk. AIC and BIC are information criteria
that consider the model’s likelihood and number of parameters, aiming to balance goodness of fit and
model complexity.

Let us denote f, the criterion we use to choose the hyperparameter A. This criterion is always eval-
uated at 6*()\). Thus, the hyperparameter selection problem can be formalized as the following opti-
mization problem

min ®(\) £ f(0*(\)) s.t. 6%()\) € argming(\,0) . (1.9)
A€A 0co

In Problem (1.9), one can notice that the definition of the function ¢ we want to minimize depends on
the solution of an optimization problem which is the problem of learning 6* () for a given A € A. This
nested optimization problem is a first instance of a bilevel optimization problem. Additional instances
of such problems are discussed in Section 1.3.

This formulation as a bilevel problem of the hyperparameter selection was first proposed by Bennett
et al. (2006). It has then been studied in the bilevel literature (Pedregosa, 2016; Franceschi et al., 2018;
Lorraine et al., 2020), as well as in the inverse problem literature (Calatroni et al., 2016; Pascal et al.,
2021; Santambrogio et al., 2024).

1.1.4 From zero-order to first-order methods

The zero-order methods are the most popular approaches to solving Problem (1.9). These methods
only use evaluations of the function we want to minimize, that is, ® in the case of Problem (1.9).

Grid search. The most simple zero-order method is the grid search. It consists in specifying a finite
subset of the space of the hyperparameters and making an exhaustive search by evaluating the objec-
tive function ® on all the elements of this subset. This method is implemented in the Python package
scikit-learn (Pedregosa et al,, 2011). An advantage of this method is that the function evaluations
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can be parallelized. However, its main drawback is that it scales exponentially with the number of
hyperparameters d. Indeed, suppose that our space of hyperparameters is A = [0, 1]d. If we assume
that the function @ is Lipschitz continuous and we want to find a A that is at a distance less than € > 0
of the optimum )\*, we have to try O((1/¢)¢) different values, as illustrated in figure 1.3. Moreover,
the grid we set manually is crucial for the performance. If poorly chosen, we can find an "optimal”
hyperparameter that is far from the best.

Grid

(ca12)f

Figure 1.3: Illustation of the curse of dimensionality in zero-order optimization. The orange dots are
the test points of the grids. Left: Example in dimension 1. For a function defined on [0, 1], one needs
10 test points to find a solution with precision 0.1. Right: Example in dimension 2. For a function
defined on [0, 1]?, one needs 100 test points to find a solution with the same precision.

Random search. The random search (Bergstra and Bengio, 2012) is a variant of the grid search.
Instead of using a deterministic and uniform grid on the hyperparameter space, the test points are
chosen randomly according to a probability distribution. On the one hand, it keeps the advantages
of simplicity and possible parallelization of the grid search. On the other hand, the randomization
enables a smarter exploration of the space if the function ® is more sensitive in some dimension than
in another. This is illustrated in figure 1.4 coming from (Bergstra and Bengio, 2012). Assume that the
function @ is such that ®(A1, A2) = ®1(\1) + P2(A2) &~ &1 (A1). Thus, ¢ is more sensitive to \; than A,.
In figure 1.4, ®, is represented in green, and ®, is represented in yellow. With the grid search on the
left, only three distinct values of \; are tested while with the random search on the right, nine distinct
values of \; are tested, resulting in a better coverage of the subspace.

Grid Layout Random Layout
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Figure 1.4: Tllustrative comparison between grid search and random search borrowed from Bergstra
and Bengio (2012). Nine trials of grid search and random search are represented. The function verifies
D(A1, A2) = P1(A1) + P2(A2) = P1(\1). One observes that the grid search explores only three distinct
values of \; while the random search explores nine distinct values.

Bayesian optimization. Bayesian optimization methods (Mockus, 1989; Bergstra et al., 2011) re-
fer to arange of zero-order optimization algorithms that take into account the information of the past
evaluation of the objective function. It consists in building a probabilistic model of ®. This is imple-
mented in some packages such as Optuna (Akiba et al., 2019) or Hyperopt (Bergstra et al., 2015).
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All the zero-order methods share a common pitfall: their oracle complexity scales exponentially with
the dimension of the outer variable space. A natural question to ask is: is there a zero-order method
that has a better oracle complexity? The answer to this question is given by the literature on lower
complexity bound in optimization. A lower bound result has always the following form: provided an
algorithm class .A and a function class F, there exists a function f € F such that any algorithm in A re-
quires at least K (¢) oracle calls to find a solution with precision e. In the case of zero-order algorithms,
the number of oracle calls refers to the number of times the function we want to optimize is evalu-
ated. Nesterov (2018, Theorem 1.1.2) provides a lower bound on the number of function evaluations
required to minimize a Lipschitz continuous function over a compact set with zero-order algorithms.

Theorem 1.1. Considere > 0 and L > %. There exists a function f : [0, 1] — R which verifies
Va,y € 0,1]% [f(2) = f)| < Lllz — yll

. . d . . .
and such that any zero-order algorithm requires at least | £ |" function evaluations to find a point x
such that

x) — inf z)<e.
fla) =~ nf f@) <

Thisis all the more problematic in bilevel optimization since evaluating the function ¢ requires solving
an auxiliary optimization problem which often can not be solved exactly. Thus, in this context, the
computation of the function we want to minimize is expensive and inexact.

However, one can remove this dependency of the complexity on the dimension by using higher order
information such as gradients or Hessian-vector product (Bubeck, 2015). For this reason, this thesis
is devoted to studying and improving first-order methods to solve bilevel optimization problems. As
these methods are the core of this thesis, a background chapter is dedicated to them in Chapter 3.

Bilevel optimization problems encompass a broader range of applications beyond hyperparameter
tuning. In the next section, we give a more general definition of bilevel optimization problem and
provide a brief history of this field.

1.2 Bilevel optimization

1.2.1 General definition and historical perspective

Bilevel optimization problems (Candler and Norton, 1977) are a class of constrained optimization
problems where the constraint set involves the solution of another optimization problem. They are
formalized as follows:

Definition 1.1 (Bilevel Optimization Problem). A bilevel optimization problem is a constrained opti-
mization problem that takes the following form

o Join f(z,y)

s.t. Vi € [J],¢i(x,y) <0
Yy e argminy,ey{g(x’y/)’w c [I],QSi(x,y’) < 0}

where X ¢ RY, ) C RP?, I and J are positive integers and f, g, ¥;s and ¢;s are real-valued functions
defined on X x Y that define problem’s contraints. The function f is often referred to as the outer
function, or the upper-level function, and the function g is referred to as the inner function or the
lower-level function. The variable x is the outer variable, and the variable y is the inner variable.

In Definition 1.1, one can observe the hierarchical structure of the problem. For each value of the
outer variable x € X, one has a different inner objective g(z, - ), and thus a different constraint set for
the inner variable y. Hence, the value of the inner variable y is a response to the value of the outer
variable z. In this thesis, we focus on the unconstrained case, where X = R% and Y = R% and the
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inequality constraints defined by the ;s and the ¢;’s are absent. This simplifies the problem to the
following formulation:

min flz,y) st ye€argming(z,y’) . (1.10)
z,yERdz x Ry 4/ €R%

Historically, bilevel problems first emerged in economic science, notably in the context of Stackelberg
games (von Stackelberg, 1934, 1952), which models interactions between firms that compete. These
games have two players: a leader and a follower. The leader chooses their strategy first. Then, the
follower observes the leader’s choice and chooses to maximize its payoff. In this context, the outer
function f represents the leader’s decision function, and the inner function g represents the follower’s
decision function. Bracken and McGill (1973) were the first to formalize bilevel programs in the op-
erations research literature, although they did not use the term "bilevel.". The term "bilevel" was first
introduced by Candler and Norton (1977). Later extensions of bilevel programs included replacing
the lower-level optimization problem with a variational inequality constraint (Luo et al., 1996). For a
more comprehensive presentation of bilevel optimization in general, we refer readers to the textbooks
by Dempe (2011) and Bard (2011).

In the machine learning community, the term "bilevel optimization" first appeared in a paper by Ben-
nett et al. (2006), which proposed using bilevel optimization to select the hyperparameters of support
vector machine models. However, earlier works such as Larsen et al. (1996) and Bengio (2000) in-
troduced gradient-based methods for hyperparameter tuning without explicitly referring to bilevel
optimization.

Note that the formulation of Problem (1.10) is commonly referred to as optimistic bilevel optimization
problem (Dempe et al., 2007). In this formulation, the outer function is minimized with respect to the
inner variable y. Alternatively, there exists a pessimistic formulation of bilevel optimization (Wiese-
mann et al., 2013; Dempe et al., 2014), where the outer function is maximized with respect to the inner
variable y:
min max f(z,y) st y€argming(z,y’) .
z€R% ycRIy y' €R%Y

However, this distinction is beyond the scope of this thesis, as we focus on cases where the inner
problem has a unique solution. This specific case will be presented in the next subsection.

1.2.2 Singleton lower-level solution

In some cases, the solution set of the inner problem in Problem (1.10) is a singleton. This is typically
the case when the function g(z, -) is strongly convex. In this case, we can define a function y* : R% —
R by y*(z) = arg min, e, g(7,y) (With a slight abuse of notation by identifying a singleton with its
only element).

Definition 1.2 (Value function). Consider Problem (1.10) where arg min, ., is a singleton for any x.
The value function & is the function defined on R% by

®(z) = f(z,y"(z)) where y*(z)=argming(z,y) .
y€ERY

In that case, Problem (1.10) boils down to

min ®(z) . (1.11)

zERx

This specific instance of bilevel optimization has received much attention from the machine learning
community in recent years. The reason for this success is that under sufficient regularity of the func-
tions f and g, the function @ is differentiable, enabling the development of gradient-based methods.
We will review in more detail these methods in Chapter 3.
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Example 1.4 (Ridge regression). The Ridge regression problem is a regularized version of the least
squares problem presented in Example 1.2. It consists in adding an (*-penalty to the training loss data
fitting term. If we keep the notations of Example 1.2, the Ridge regression problem is defined by

1 A
in g(\,0) = —|X0-Y|>+ |0 . 1.12
min g(X, 6) = || I+ 5l (1.12)
———— N——
data fitting regularization

for a provided \ > 0. For any \ > 0, the function g(, -) is strongly convex. Thus, the minimizer 0*(\) is
unique and given by the solution of the normal equation
IxTx0=1xTy + a0
n n
which yields
') = (XX +nAD) ' XTY .

To select the hyperparameter \, we assume that we have a validation set DV = {(:cjv-a17 y}al) }iL, that has
not been used during training. We denote by X**' = [zy*! ... /3] and Y = (yy*!,... yx2"). The
validation loss is given by

— L valg _ ~7val||2
f(0) = 2m||X 0—Y"™| . (1.13)
The hyperparameter \ is chosen by solving the following bilevel optimization problem
min ®(\) £ f(0*()\)) st 0*(\) =argming(),0) . (1.14)
A>0 OcRP

We plot this function in figure 1.5. The main thing to notice is that the value function ® is non-convex,
despite the inner function g being strongly convex and the outer function f being convex.

140 1
= 130 -
< 130

120 1

1072 100 10?

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
II
0
A

Figure 1.5: Curve of the value function ®. Here, we generated samples z ~ A(0, I300), a parame-
ter 6* ~ N(0, I300) and we generated the target with y = (6, z) + 0.1e with € ~ A/(0,1). We generated
100 training samples, and 30 validation samples. The dashed red line indicates the value of the hyper-
parameter A that minimizes the value function. One observes that the value function is non-convex.

1.2.3 Stochastic problems

In many machine learning applications, such as the hyperparameter selection we have seen in Sec-
tion 1.1, the functions f and g are defined as expectations:

f(xy) = Ee[f(z,4:)],  g(x,y) = Eclg(w, y; )] (1.15)

where ¢ and ¢ are random variables. The empirical risk minimization setting is a particular case of
Equation (1.15) where the variables ¢ and ¢ are indices that are sampled uniformly in a finite set. In
this case, the functions f and g in Equation (1.15) take the form of empirical means over samples

3=

P = =3 @), ey = ailry) (1.16)
i=1 i=1
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where m and n are positive integers representing the number of samples in the upper and lower levels.
In large sample size cases, evaluating the functions f and g is prohibitive. For this reason, the thesis
investigates stochastic algorithms that are more scalable than deterministic ones. Indeed, stochastic
algorithms only require a handful of samples to progress in the problem resolution, making them
more suitable for large-scale problems. More detailed presentations of these algorithms are provided
in subsection 2.2.2 for single-level problems and in Section 3.2 for bilevel problems.

1.3 Other machine learning applications of bilevel optimization

The interest gained by bilevel optimization in the machine learning community is due to its ability
to model various machine learning problems. We already presented the hyperparameter selection
problem in Section 1.1. In this section, we explore additional machine learning applications that can
be effectively addressed using bilevel optimization.

1.3.1 Datareweighting

Consider a training set Dy, = {2t} |, where the data samples may not necessarily be labeled,
depending on the use case. Sometimes, there can be a discrepancy between the training distribution
and the testing conditions. This discrepancy can occur, for instance, when not all training samples are
relevant to the downstream task (Grangier et al., 2023), or in a supervised learning context when some

labels are corrupted (Franceschi et al., 2017).

A solution to this problem is to assign a weight w; to each training sample z{™" (Ren et al., 2018; Shu
etal., 2019; Wang et al., 2019), leading to the following weighted training loss:

n

g(w,0) = wil(xf™,0)
=1
where w € R" is a vector of weights, § € RP represents the model’s parameters, and ¢ is the loss
function. These weights serve as data selectors: the highest weights should correspond to important
data samples for the downstream task, while the lowest weights correspond to low-quality samples.
Alternatively, instead of weighting each sample individually, one can assign a weight per group of
samples (or domain) as proposed by Fan et al. (2024b).

To learn those weights, one can parametrize them, for instance by a neural network parametrized by
a vector « that takes as input a training sample and returns a weight:

t.rain)

w; = 0q(;

The problem of learning « can be cast as a bilevel optimization problem. Indeed, assume we have
a second dataset Dy, = {2}*'}7-,, which contains data samples that are specific to the downstream
task. As we want the parameter 6*(«) to have good performances on the downstream task, we can
choose « that solves

m

min f (6" () = Y _ £z}, 6%(a)

J=1

st. 0% (a) € argming(a,0) = Zaa(xgrain)ﬂ(x?ain, ) .
0 i=1

A classical application of the data reweighting problem is the data hypercleaning task (Franceschi
et al., 2017). Assume we have a labeled training set D't = {(girain ytrainyin and that some training
samples may have corrupted labels, as illustrated in figure 1.6 with the MNIST dataset. Conversely, we
have a validation set D,,; = {(z}*,yy2)}™_,, where all samples have correct labels. Finding and dis-
carding manually the corrupted samples in the training set can be prohibitive for very large datasets.
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The data reweighting framework enables us to avoid this burden by automatically learning which sam-
ples are correct and which are corrupted.

1

T 2
!
9 2

3
1
1

Figure 1.6: Illustration of the labels corruption with the MNIST dataset

1.3.2 Implicit deep learning

Implicit Deep Learning has raised some interest in the last years (Amos and Kolter, 2017; Bai et al.,
2019; El Ghaoui et al., 2021) thanks to their memory efficiency by avoiding the memory overhead of the
backpropagation. Classical feedforward networks build their prediction with a recurrent procedure

= gg(zkv J})
where z is the input, the (2*),¢(1) are the intermediate states of the network, and g§ is the k-th layer of
the network parametrized by 6 (the vector 6 includes the parameters of all the layers of the network).
To train these networks, one needs to store all the intermediate states (z*);¢(;) during the forward
pass for the backpropagation step (see subsection 2.3.3). This poses memory issues when training
very deep networks.

Deep Equilibrium Models (DEQs) (Bai et al., 2019) consider the case where the same transformation
is applied at each layer

= go(2F x) . (1.17)

If the function gy (., x) is contractive, the sequence (z*), converges towards a fixed point of the function
go(.,x). For this reason, DEQs consist in taking as output of the network the solution 2* (¢, z) of the
equation

go(z*(0,x),2) = 2*(6,x) . (1.18)

The problem of training a DEQ is a bilevel problem. We want to minimize the training loss under
the constraint that we have solved each training sample’s fixed-point equation (1.18). This yields the
following formulation

1 1 = rain % rain
mn )= 32 0.0t
s.t. Vi€ |[n],go(z"(0 xt.rain) ;Et_rﬂin) — Z*(e’x‘;rain) )

» tad?

The main difference with the problems we have seen so far is that the inner problem is not a minimiza-
tion problem but a fixed-point problem. Also, this is an instance of a multi-block bilevel problem: we
have an inner problem by training sample, and the inner problems are independent of each other.
Such formulation enables leveraging implicit differentiation presented in subsection 3.1.2 to train the
network. In this way, one avoids the memory burden of the backpropagation.
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1.3.3 Neural architecture search

Neural Architecture Search (NAS) (Elsken et al., 2019) aims to find the best neural architecture for a
given task. Liu et al. (2019) propose a differentiable way to perform NAS, leading to a bilevel problem.

An architecture (or a cell) is viewed as an acyclic graph where the vertices are represented by an or-
dered sequence of N nodes (w;);c[n]. The vertex wy is the input of the cell and wy its output. Each
node is the result of a sum of operations on its parents, that is

wj = Zo(i’j)(w

i<j

Therefore, finding the best architecture boils down to finding the best operation set {0/, j € [N],1 <
i < j}. We denote O, the (finite) set of operation sets we consider. For o € O, let h, ¢ the predictor
associated to the operation set o. Finding the best operation set o can be cast as a bilevel problem with

m

. /. 1 va va
min f(o.0 (mc}n)) = EZE(yj l,ho’e(l‘j o)
j=1
9* (mln) S arg mlng Zé l"dlrl h tram)) )

Written in this way, the problem is a combinatorial problem in o. A differentiable reformulation is pro-
posed by Liu et al. (2019), giving rise to Differentiable ARchiTecture Search (DARTS), and it is extended
in different fashion (Zhanget al., 2021; Qin et al., 2023; Ye et al., 2023). This is done by considering mix-
tures of operations where the mixture coefficients are parametrized by a continuous hyperparameter
o In DARTS, the operations o(*/) are replaced by a weighted sum

(a]))

5(hd) — Z exp(ao

veotn Soeons explal) w0y °

where O("9) is the set of possible operations between w; and w;. Now it is the weights a = {a(#)}, ;
that are optimized, yielding the following bilevel problem

m

min f(e 0" ) = 157U hao03)

n

* : _ l train train
st. 0% (a) € argemlng(a,G) = Zﬁ(yz Jhaoo(z77M))

=1

This continuous formulation, illustrated in figure 1.7, opens the door to gradient-based methods such
as the ones presented in Chapter 3.

1.4 OQutline and contributions of the thesis

The thesis is divided into two parts. In Part I, we provide the necessary background to understand the
contributions of the theses. More specifically

» In Chapter 2, we introduce some mathematical tools used in differentiable optimization. We
also present some classical first-order optimization algorithms and give some intuition on their
behavior. To introduce some proof techniques that will be used later, we recall the proof of
some classical convergence results for gradient descent and stochastic gradient descent. We also
explain how variance reduction techniques speed up the convergence of stochastic algorithms.
Finally, a short introduction to automatic differentiation is given.
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Figure 1.7: Hllustration of DARTS. With bilevel optimization, one can optimize jointly mixing coeffi-
cients and the network weights. We finally keep the operations with the highest mixing coefficients.
This figure is borrowed from (Liu et al., 2019)

» In Chapter 3, we review the main techniques that have been proposed to solve bilevel optimiza-
tion with gradient-based methods. We first present the implicit differentiation and how it is
leveraged in bilevel optimization. In particular, we present some key ingredients that make Ap-
proximate Implicit Differentiation (AID) based algorithms work in practice. We then present an
alternative approach to implicit differentiation, which consists in differentiating the different
steps used to get an approximate solution of the inner problem. This is the iterative differenti-
ation approach (ITD). Finally, we present the penalty-based approaches. These approaches are
fully first-order approaches that have gained popularity in the last few years because they do not
require second-order information from the inner problem.

In Part II, we present the contributions of the thesis. They are distributed in two chapters:

» In Chapter 4, we tackle bilevel optimization problems where the inner function and the outer
function have a structure of empirical means. We introduce a novel framework that consists
in maintaining three variables: the inner variable y, the linear system variable v, and the outer
variable . We propose to make them evolve simultaneously following suitable directions that
are linear in the outer function and the inner function. This linearity enables easily building
stochastic estimators of these directions with a handful of samples. One can easily adapt any
stochastic first-order algorithm to bilevel problems thanks to its simplicity and modularity. In
this framework, we propose and analyze two instantiations: the Stochastic Bilevel ALgorithm
(SOBA), which is an adaptation of stochastic gradient descent to bilevel optimization, and the
Stochastic Average Bilevel Algorithm (SABA), which is an adaptation of the SAGA algorithm (De-
fazio et al., 2014) to bilevel optimization. We show that, under some regularity assumptions,
SOBA has a convergence rate in O (T~%-%) for constant stepsizes in ©(7~°?) (T is the number
of iterations) and in O (log(T")T~°*) with decreasing stepsizes. For SABA, we show that one can

converge towards a stationary at the speed of O ((n + m)%T_l) where n and m are the numbers

of functions in the outer and inner problems, respectively. We also show that SABA achieves
linear convergence under Polyak-Lojasiewicz assumption. Note that these rates match the rate
of SGD and SAGA for non-convex single-level problems. This fact motivates Chapter 5.

» In Chapter 5, we interest ourselves in the complexity of bilevel empirical risk minimization.
Bilevel empirical risk minimization corresponds to the situation where the inner and the outer
functions are empirical means. We propose SRBA, an algorithm in which oracle complexity is
(@) ((n + m)%e‘l) where n and m are the numbers of functions in the outer and inner prob-
lems, respectively, and ¢ is the desired precision. We show that this algorithm is near-optimal
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in the regime n ~ m among a class of algorithms that includes a wide range of AID-based algo-
rithms. Indeed, we prove that the oracle complexity for this algorithm class is lower bounded by

Q (m%e_l) when the inner function is strongly convex.

We finally conclude this thesis in Chapter 6 by summarizing the contributions and discussing some
research perspectives.
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CHAPTER 2

BACKGROUND IN FIRST-ORDER OPTIMIZATION
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This chapter introduces classical tools in optimization that are useful for this thesis. Most of the results
presented here can be found in Nocedal and Wright (2006), Nesterov (2018), or Garrigos and Gower
(2023).

2.1 Mathematical background

The design and the analysis of optimization algorithms rely on the properties of the function we want
to minimize, often referred to as "the regularity" of the function.

2.1.1 Differentiability and gradient

The differentiability of a function is an important notion that indicates the local behavior of this func-
tion. It provides a linear approximation of the function around a point.

Definition 2.1 (Differentiability). Let f : R? — R% afunction and letz € RP. The function f is said to be
differentiable at x if there exists a linear continuous application d f(z) : R — R? and a neighborhood
W, of z such that for any & € W, we have

fle+h) = f(z)+df(@)(h) +o(h) .

19
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If f is differentiable in x, we can consider the matrix of the linear application d f(z) that we also note
df(x) with a slight abuse of notation. It belongs to R?*? and is called the Jacobian of f.

Definition 2.2 (Partial derivative). Let e; be the ith canonical vector basis of R? and suppose that f is
real-valued. f has a partial derivative in the direction e; if w has a finite limit when ¢ goes to
0. In this case, we denote
0 te;) —
0y — 1 L) = @)

8:1:,- t—0 t

When f is differentiable, its Jacobian is given by

fr@ - F@)
df(z) = : : € R¥*P |
@) g

When f is real-valued, we can introduce the notion of the gradient.

Definition 2.3 (Gradient). Suppose that ¢ = 1 and that f is differentiable at . The gradient of f at x
is a vector that belongs to R? whose components are the partial derivatives of f. It is denoted V f(x),
and it is the unique vector that verifies

df(z).h = (Vf(z),h) .

The components of this vector are the partial derivatives of the function f

Viz) =

As illustrated in figure 2.1, the gradient provides the steepest ascent direction of the function at a
point z. It is an essential tool in optimization. Indeed, moving in the opposite direction of a function’s
gradient ensures a decrease in this function.
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Figure 2.1: Gradient field of the function defined by f(z,y) = ze~(@*+v") Bach arrow represents the
function’s gradient at a point (z, y). The gradient points towards the steepest ascent direction.

When we have a differentiable function, we have a necessary first-order condition for the local mini-
mums of f. This condition is essential for implicit differentiation, so we recall it in Proposition 2.1.

Proposition 2.1. Let f : R? — R a differentiable function with a local minimum at x. Then

Vf(x)=0.
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Note that the converse is not true. For instance, the function f(z) = 23 has a stationary point at z = 0
but is not a local minimum. We will see in the following section that when the function is convex, then
the converse of Proposition 2.1 holds.

The Hessian matrix of a function is also an important tool that contains the second-order information
of a function.

Definition 2.4 (Hessian). Let f/ : R? — R?. We say that f is twice differentiable at x € R? if f and d f are
differentiable. The differential of df at « is denoted d? f(z). This is a linear application with values in
the space of linear applications between R? and R?. When f is real-valued, we can consider its Hessian

matrix )
o f
V2f(z) = < (x)) € RP*P |
Oz;0z; 1<4,5<p

2.1.2 Convex analysis

Let f : R? — R a differentiable function. We have seen in Proposition 2.1 that having Vf(z) = 0 is
necessary for z to be alocal minimum. For some functions, this condition is also sufficient. This is the
case for convex functions, making them very convenient to optimize.

Definition 2.5 (Convexity). Let f : R — R a function. We say that f is convex if
Va,y € RP.VE € [0,1], f(ta + (L —t)y) < tf(z)+ (1 —2t)f(y) .
If f is differentiable, the convexity of f is equivalent to

Yo,y €R?, fy) 2 f(z) + (Vf(2),y —x) .

If f is twice differentiable, the convexity of f is equivalent to

Ve € R?, V2f(z) =0 .

The second characterization of Definition 2.5 provides a geometrical interpretation of the convexity
for differentiable functions. A differentiable function is convex if and only if its graph is above its tan-
gents at any point, as illustrated in figure 2.2. Moreover, the condition on the positiveness of the Hes-
sian matrix tells us that the function is convex if and only if it is locally lower bounded by a parabola.

Figure 2.2: Tllustation of the convexity of a function. The tangenty — f(x) + (Vf(z),y — z) is below
the curve of f.

When a function is convex, the first-order condition of Proposition 2.1 is also sufficient for a point to
be a global minimum.
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Proposition 2.2. Let f : R — R be a convex and differentiable function. Then, v* € RP? is a global
minimizer of f if and only if V f (x*) = 0.

Thanks to this characterization, minimizing a convex function can be recast as the resolution of a
system of nonlinear equations. Beyond convexity, strong convexity is a property that makes a function
globally lower bounded by a quadratic function.

Definition 2.6 (Strong convexity). Let f : R? — R be a differentiable function. We say that f is u-
strongly convex with parameter p > 0 if

: J
Yo,y €RY, f(y) > f(2) + (VF(2),y — o) + Sy — =l -
If f is twice differentiable, the strong convexity of f is equivalent to
Vo € RP,V2f(z) = pul, .
A strongly convex function cannot be flat compared to convex functions. We will see in the follow-

ing that this property enables faster convergence rates for optimization algorithms. Strongly convex
functions are lower bounded by a quadratic function, as illustrated in figure 2.3.

flz) +(Vf(z),y — ) + §lly — 2/

Figure 2.3: Illustation of the strong convexity of a function. The function is lower bounded by the
quadratic function y — f(z) + (Vf(z),y — ) + 4|y — z|* for a given = € R?.

2.1.3 Lipschitz continuity and smoothness
The Lipschitz continuity provides a bound on the sensitivity of a function.

Definition 2.7 (Lipschitz continuity). A function f : RP — RY is said to be L-Lipschitz continuous if

Va,y € R?, |[f(z) = fW)ll < Lllz -yl .

An essential property of functions is their smoothness. Informally, a small displacement in the input
space induces a slight change in the function’s gradient.

Definition 2.8 (Smoothness). Let f : R? — R be a differentiable function. We they that f is L-smooth
if its gradient V f is L-Lipschitz continuous, that is

Yo,y € RP |V f(z) = Vi)l < Lz -yl -
In differentiable optimization, a function’s smoothness is often a starting point for deriving a descent
lemma, which is generally a starting point for analyzing an optimization algorithm.

Proposition 2.3. Let f : R? — R be a L-smooth function. The function [ is L-smooth if and only if for
anyz,y € RP, it holds

@) — F@) — (V@) — ) < Zlly— 2l .

Geometrically, Proposition 2.3 tells us that a smooth function is upper bounded by a quadratic func-
tion, as illustrated in figure 2.4.
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f@)+ (Vf(@),y—z)+ 5|y —z|

T(y)

Figure 2.4: Tllustation of the smoothness of a function. The function is upper bounded by the quadratic
functiony — f(z) + (Vf(z),y — z) + £||y — z|? for a given = € RP.

2.2 Gradient descent and variants

2.2.1 Deterministic optimization

Gradient descent (Cauchy, 1847) is the workhorse algorithm to minimize a differentiable function. In
this section, let us consider a differentiable function f : R¢ — R and the following problem

;rel]lRI}i flx) . 2.1)

If we are at a point z € R? and want to move in some direction ¢ while decreasing the value of f, the
most natural choice for the direction § is to follow the steepest descent direction. This direction is the
opposite direction of the gradient —V f(z). The gradient descent algorithm consists of following this
direction at each iteration. It is summarized in Algorithm 1.

Algorithm 1 Gradient descent

Input: initialization 2° € R? number of iterations T, step size sequence (n!);<7.
fort=0,...,7 —1do

xt—f—l =zt — ntvf(xt) )

end for

This algorithm seeks a stationary point of the function f while decreasing its value. Indeed, if we
choose a constant step size sequence and if the gradient V f is continuous, one can observe that in
case of convergence of the iterates towards a point z*, one has necessarily V f(z*) = 0. If we assume
the function f to be convex, the point z* is a global minimizer of the function f according to Proposi-
tion 2.2.

A critical property of the gradient descent algorithm is that we have a descent guarantee if we assume
that the function f is L-smooth (see Definition 2.8) and for a convenient choice of step sizes. This
property is often referred to as a descent lemma in optimization.

Lemma 2.1 (Descent Lemma for gradient descent). Let f : R? — R be an L-smooth function and
(x')i>0 a sequence verifying
B =gt gV f(t)

withn € (0, £]. Then it holds

F@*) < f@h) = VNI < fa') -
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Proof. From Proposition 2.3, we have

P < F@t) + (VFa), 2 — oty + ot P
t NIE LWQ NIE
< I V1P + EE )
L
= 1) =0 (1= 5 VAP
Usingn < 1/L, we have —77( - %) < —7 yielding the result. O

From this lemma, a non-asymptotic convergence rate for the gradient descent algorithm in the convex
case can be derived.

Theorem 2.1 (Convergence rate of gradient descent, convex case). Assume that the function f is L-
smooth, convex and that arg min f is non-empty. Let (z');>( be the sequence generated by Algorithm 1
with a constant step sizen € (0, 1|. Then it holds for z* € argmin f and f* = f(z*)

2 — 2

f&) =1 < =

The proof of this result uses a classical technique for analyzing a differentiable optimization algo-
rithm. It consists of finding a suitable Lyapunov function that decreases at each iteration. This proof
technique will be helpful in Chapter 4 and Chapter 5.

Proof. Letz* € argmin f and f* = f(z*). First we show that the sequence (||z! —z*||?);> is decreasing.
By expanding the square, we have

2" = 2| = [ = 2") + (2" — ")
— ||£Ct—x*||2+2<$t+1 T 7xt—x*>+||xt+1—xt||2
_ ||xt o .CE*||2 + 2<:Ct+1 It+1 o SC*> + 2<It+1 o xt,zt o It+1> + ||:Z?t+1 _ xtHZ
— th —.CL'*||2 +2<xt+1 —.T $t+1 _x*> _ || t+1 t||2
=[lz" — 2| = 2p(Vf(2"), 2" —at) = 2m(Vf(a"), 2" — ") — [T =2t P (22)

By the smoothness of f, we have

=2(Vf(a), s — o) < =2 (f(2"") = f(a")) + nLlla"" = 2")* 2.3)

The convexity of f implies
—2(Vf(at), 2t —a) < ~2(f(a") - f7) . 2.4)
Summing Equation (2.3) and Equation (2.4) and injecting in Equation (2.2) yield
o+t = 2|2 < Jlat = a2 = 20(f (@) = 1) + (L — 1)+ = 21|
< [t — 2|2 = 2n(f () — f7) (2.5)
where we used n < 7.

Let us consider the Lyapunov function £! = ¢(f(xt) — f*) + w We have

£ = () - 1) + o
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Using Equation (2.5), we get

£ < e+ ) - )+ DI g - g
U — 1)+ £ = ) — )
<) — F@) + £ 28)

Using the descent lemma Lemma 2.1, we have f(z!™1) < f(z') and thus by Equation (2.6), the Lya-
punov function £ is decreasing. This implies that

0 _ .x[|2
2n
which concludes the proof. O
This result shows that the function values (f(z')):>¢ converge sublinearly towards the optimal value

f*. When we assume the strong convexity of the function f, we can improve the previous result by
showing the convergence of the iterates at a linear speed thanks to the non-flatness of the function.

Theorem 2.2 (Convergence rate of gradient descent, strongly convex case). Assume the function f is
L-smooth and i-strongly convex. Let (z'):>( be the sequence generated by Algorithm 1 with a constant
step sizen € (0, 1|. Then it holds for z* = arg min f

Izt —2*[| < (1 = nu)*[la® — 27| @7
Proof. The proof starts by expanding the square

a4 = a2 < flo* — 2| = 200V S (o), 2" = 2*) + IV TP 8

By strong convexity, we have

—2(Vf(a'),a’ —a*) < ~2(f(a") — F*) = mulla’ — 2| . 2.9)

. 1
By using Lemma 2.1 and < +, we have

IV FEN)[* < 2p(f(2') — fa™*) (2.10)
Plugging Equation (2.9) and Equation (2.10) in Equation (2.8) yields

lz"* = ' < (1= np) |2’ — 2| = 29(f(2") = f7)
< (1= np)lla’ —2*)* .

We conclude the proof by unrolling the previous relation. O

2.2.2 Stochastic optimization

In Empirical Risk Minimization such as in Problem (1.4), the functions we want to minimize is the
empirical mean over the dataset:

fla) = %Zfi(x) : 2.11)
=1

When the amount of data is large (meaning that » is high) computing the gradient of f becomes too
expensive because it requires computing the gradient of each f;, making gradient descent inefficient.
For this reason, stochastic variants of gradient descent have been designed and are widely used in
practice.
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Stochastic Gradient Descent. The Stochastic Gradient Descent (SGD) algorithm (Robbins and
Monro, 1951) is an adaptation of the gradient descent algorithm. Instead of following the direction
of the negative gradient of f, SGD consists of following the direction given by an unbiased stochastic
estimator of this gradient, built by using only the gradient of f; for a randomly sampled i € [n].

Algorithm 2 Stochastic Gradient descent

Input: initialization 2° € R? number of iterations 7T, step size sequence (n!);<7.
fort=0,...,7—1do
Draw i; uniformly at random in {1, ..., n}.
Update =
P =gt =V, (")

end for

This algorithm has become very popular in machine learning (Bottou, 2010; Bottou et al., 2018) and
successful algorithms in deep learning such as AdaGrad (Duchi et al., 2011) or ADAM (Kingma and Ba,
2015) are variants of SGD.

There are many analyses of Stochastic Gradient Descent in the literature. Non-asymptotic analyses
can be found in Moulines and Bach (2011) and Ghadimi and Lan (2013). Let us consider the strongly
convex case to understand how SGD behaves compared to gradient descent.

Theorem 2.3. Assume that each function f; is L-smooth and convex. We assume, furthermore, that the
function f is u-strongly convex and that there exists o > 0 such that for any x € RP

Eins(in)) IV fi(2) = Vf(@)[|*] < 0* .

Then, if we let z* = argmin,, f, the iterates of SGD with a constant step sizen < (0, 1] verify

t+1 (12 t),.0 P
Eflz"™ —2*[I*] < (1 = nu)"[l=” — 2™|* + —— (2.12)
Proof. As previously, we start by expanding the square
Iz = a'|* < fla* = 27|* = 2n(V fi, (a"), 2" — 2*) + ?|V fi, (2")]|* .
We denote E; as the conditional expectation given the iterates z, . .., z;. Since E;[V f;, (z')] = V f(z?),
we have
Eeflla™" = a'lIP] < Jla* — 2" |* = 20{V f ("), 2" — &%) + n’Ee[[|V £, (2")]*] - (2.13)
By strong convexity, we have
—2(Vf(a),a" — ") < =2n(f(") = f*) —nplla® — 27> . (2.14)
Also,
B[V £i. (@)?] = B[V fi, (&) = VF)IP] + [V f (")
<o+ |ViE|? . (2.15)

Plugging Equation (2.14) and Equation (2.15) in Equation (2.13) yields

Eeflla"™ = a'|P] < (1 = mp)lla’ — ™[> = 20(f (2") = f*) + 0’0 + 0P|V f(2")]*

. . 1
By using Lemma 2.1, since n < I, we have

PV < 20(f (" =0V f(a') - f(2") -
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This yields

Eeflz"™ — 2] < (1 = nu) |2’ — 2*||> = 2n(f(a' — nV f(a")) — f(2¥)) + n’c?
< (1 —np)llz’ —z*|]* + n’” .

Taking the expectation and unrolling the previous relation yields
1 2 2y, 07
Efl|lz"* — 27|*] < (1 — nu) Ef|]2° - 2*[*] + e
O

When comparing the convergence rates of gradient descent in Equation (2.7) and of SGD in Equa-
tion (2.12) for strongly convex functions, one observes the appearance of the variance term % This
variance term prevents SGD from converging when run with fixed step sizes. Indeed, in this case, the
iterates of SGD oscillate around the optimal point z* without converging. Therefore, the sequence
(E[||z* — 2*||*])¢>0 reaches a plateau. This behavior is illustrated in figure 2.5, where we compare the
behavior of gradient descent and SGD on a least squares problem with different step size choices. We
observe the linear convergence of gradient descent’s iterates. For SGD with fixed step sizes, there are
two regimes: a first regime where the distance between the iterates and the solution decreases faster
than gradient descent, and a second regime where this distance reaches a plateau. Additionally, the
higher the step size, the higher the plateau. One common strategy to avoid reaching this plateau is to
use a decreasing step size sequence. Indeed, the analysis of Moulines and Bach (2011) shows conver-
gence in this case. However, this leads to very slow convergence, as we can see with the red curve in
figure 2.5.

— GD —— SGD large step
SGD small step —— SGD decreasing step

100 .

16" — 67|

1072 .

T T T T

10 20 30 40
Epochs

O

Figure 2.5: Illustration of the behavior of GD and SGD with different step sizes on a least squares
problem with 100 samples and 30 features. We plot the distance between the current iterate and the
solution in function of the number of epochs (i.e., the number of passes on the dataset). Gradient
descent is run with the step size +. SGD with a large step size uses a constant step size of 0.01. SGD
with a small step size uses a constant step size of 0.005. SGD with decreasing step size uses a step size in
3% where ¢ is the iteration number. We observe the linear convergence of gradient descent’s iterates.
SGD with constant step sizes reaches a plateau higher with a larger step size due to the variance of the
gradient estimate. With decreasing step size, SGD performs a very slow convergence.

Acceleration with variance reduction. We saw in the previous paragraph that the variance of
the gradient estimation prevents SGD from converging. Instead of using vanishing step sizes, it is
possible to make this variance go towards zero. This is the idea of the variance reduction.

A typical variance-reduced optimization algorithm example is SAGA (Defazio et al., 2014). SAGA works
by maintaining a memory (g!);c[, of the past gradients. More precisely, at iteration ¢, a random index
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iy is drawn. Then the memory is updated by gf, = V f,, ( D) and gl = gf‘l for i # i;. The gradient of the
objective function is then estimated by V f;, (z*) — g“ 1L Ly gi~'. This is an unbiased estimator
of the gradient of the objective function because

n

1 _ I i1 s o
Ei ~un) | Vi (@) — g7t + ﬁz‘gf =Vt - Eng 1y Ezg; L=vfEh) . (2.16)
i=1 i=1 i=1
The SAGA algorithm is summarized in Algorithm 3. The main drawback of SAGA is its memory foot-
print: it requires storing the n gradients V f;. In practice, the sum 2 3" | g/~ !is also stored so one can
update it by rolling average.

Algorithm 3 SAGA

Input: initialization 2° € R? number of iterations 7, step size 1.
fort=0,...,7T—-1do

Draw i; uniformly at random in {1,...,n}.
Set
ot = Vi (xt) ifi=1i,
! gt otherwise
Update =

R lvfit( —gt+ = Zg

end for

We provide in Theorem 2.4 a convergence result for SAGA in the strongly convex case coming from
Defazio et al. (2014).

Theorem 2.4 (Defazio et al. (2014, Corollary 1)). Assume that each function f; is L-smooth and y-

strongly convex. With a step sizen = m, the iterates (z')¢> of SAGA verifies

n
un + L

E[fj="*

— 2P < (1 —nu)t |[l2® — 27|12 + (f(2°) — f(z"))

Our observation is that we have a linear convergence of the iterates of SAGA towards the optimal point
z*. Thanks to the variance reduction, the convergence occurs with a fixed step size, making SAGA
faster than SGD. A second remark we can make is to scale the step size with respect to the number of
samples. Indeed, we have n = O (). This is illustrated in figure 2.6 where we see that, with constant
step size, SAGA converges linearly while SGD reaches a plateau.

In the nonconvex case, the convergence rate of SAGA is established by Reddi et al. (2016).

Theorem 2.5 (Reddi et al. (2016, Theorern 3)). Assume that each function f; is L-smooth, and let us
denote f* = inf f. Then, if we setn = Py the iterates (z'):>o of SAGA verify

— _ 12Ln3 (f() = f)
TZ:jO [V £ @)1 T :

In comparison, gradient descent for nonconvex functions achieves O (7) convergence rate. As we
compute n gradient per iteration with gradient descent, this leads to a O(ne~!) complexity for gradient
descent, which is worse than the O(n3 ') complexity of SAGA in this setting.

Note that a wide variety of variance reduction algorithms exist. The SAG algorithm (Schmidt et al.,
2017) is similaire to SAGA but the estimate direction is 2 (V f;,(z!) —g/7' + 37, g!™') instead of
Vfi, (x) — g,t '+ 15"  g¢7'. The SVRG algorithm (Johnson and Zhang, 2013) is a variant of SAGA in
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Figure 2.6: Illustration of the behavior of SAGA and SGD on a least squares problem with 100 samples
and 30 features. We plot the distance between the current iterate and the solution in function of the
number of epochs (i.e., the number of passes on the dataset). SAGA is run with the step size 0.006.
SGD uses a constant step size of 0.01. Despite a constant step size, SAGA can converge thanks to the
variance reduction. SGD, for its part, reaches a plateau.

which the memories (gfgﬁl] are replaced by gradients computed at the same reference point & which

is updated periodically. The gradient is then estimated by V f;,(z") — Vfi,(Z) + = 31", Vf;(Z). By
doing so, we do not need anymore to store the n gradients but only the reference point z and the av-
erage of the gradients 1 3" | Vf;(Z). However, the number of steps between two updates of 7 is a
hyperparameter that dramatically influences the algorithm’s performance.

2.2.3 Complexity measure of optimization algorithms

The complexity of an optimization algorithm is a quantification of the number of elementary opera-
tions required to reach a solution with a certain precision. The quality of a solution z returned by an
optimization algorithm can be measured in different ways, depending on the problem considered:

» Distance to the solution. If the function has a unique minimizer z*, the (squared) distance to
the solution is the quantity ||z — 2*||? can be used as a performance measure, as it is the case
in Equation (2.7) and Equation (2.12). This performance measure is generally used for strongly
convex functions.

» Suboptimality. If the function has multiple minimizers, measuring the distance between a
candidate solution = and one of the minimizers of the function does not make sense. For this
reason, we prefer to use the suboptimality measure f(z) — inf f, as done in Theorem 2.1. This
performance measure is generally used for convex functions.

» Stationarity. When the function is non-convex, the access to inf f is not possible in general.
For this reason, we generally use the (squared) norm of the function’s gradient |V f(x)||?. How-
ever, having ||V f(z)||? = 0 does not mean that z is a global minimizer of f, but this is a necessary
condition.

Now that we know how to measure a solution’s quality, there are two ways to express the complexity
of an optimization algorithm. For a candidate solution x, consider C(z) one of the above performance
measures.
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» Convergence rate. For an iterative algorithm, a convergence rate is an upper bound on the
performance measure C(z") that depends on the iteration number ¢. More formally, it is a func-
tion o : N — R, such that lim; ., o(t) = 0 and C(z") < o(t). It ensures that C(2") converges to
zero and quantifies the convergence speed.

» Oracle complexity. The complexity of an optimization algorithm is the number of elementary
operations required to reach a solution x such that C(z) < e. In differentiable optimization,
a proxy of the number of elementary operations is the number of calls to oracles, that is, the
number of evaluations of the function and its derivative.

It is generally possible to go from one expression of the complexity to another. For instance, for mini-
mizing a convex finite sum such as Equation (2.11), we showed in Theorem 2.1 that for the iterates of

gradient descent verify

||I’0 _ I*||2

ty _ s f <
f(@") —inf f < o
This is a convergence rate result with C(x) = f(z)—inf f and o (t) = % Since at each iteration, we
compute n gradients, the total number K of calls to oracles sufficient to have C(x?) < ¢ is » multiplied

by the smallest ¢ such that o(¢) < e. This gives K = [MW = O(ne™1).

2ne

2.3 Automatic differentiation

This section is based on the following blog post we published in the dedicated track at ICLR 2024:

M. Dagréou, P Ablin, S. Vaiter, T. Moreau. How to compute Hessian-vector products?. In ICLR blogpost
track, 2024."

The practical efficiency of optimization algorithms that use derivatives highly relies on the ability to
compute these derivatives efficiently and accurately. Automatic differentiation (AD) is a tool that en-
ables this. In what follows, we briefly and informally present its two main modes: forward and reverse.
Then, we also describe how we can leverage AD to compute Hessian-vector products (HVP). Finally,
we present a benchmark of AD methods to compute HVPs with deep learning architectures.

For a more in-depth introduction, the reader can refer to the book of Griewank and Walther (2008) or
the survey of Baydin et al. (2018).

2.3.1 Computational graph

Automatic differentiation relies on the notion of a computational graph (Bauer, 1974). It is a directed
acyclic graph that represents the succession of elementary operations required to evaluate a function.
A simple computational graph of a function f : R? — RP is represented in figure 2.7.

OO OO0

Figure 2.7: Example of computational graph

In this graph, the vertices z; € R™: represent the intermediate states of the evaluation of f. To get the
vertex z;, we use the values of its parents in the graph z;_;, with simple transfer functions z;(z;_1). The
computational complexity of the function evaluation depends on the complexity of the considered
graph, as one node might have more than one parent. The memory footprint of the evaluation of the
function is also linked to the maximum number of parents that can have a vertex in the computational
graph, as their value needs to be stored until all children nodes have been computed.

"https://iclr-blogposts.github.io/2024/blog/bench-hvp/
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Let us take an example with a multilayer linear perceptron (MLP) with two layers. The function f,, :
R" x R"*P — R is defined for an input = € R? by

f(UW) = %(UWQ:)Q ) (2.17)

Here, the input 6 corresponds to the parameters of the network (U, V') and the intermediate steps are

z1 = Wa, zp = Uz and z3 = 123. A possible computational graph to get f, (U, W) is in the figure 2.8.

The associated Python code to compute f,, is

@ L
® 00 0
®

Figure 2.8: Example of computational graph for the MLP

def £(U, W):
zl = W @ x
z2 = U @ z1
z3 = 0.5 *x z2%x2
return z3

Here, the feed-forward structure of the function makes the computational graph very simple, as each
node has a single intermediate result parent.

AD uses this computational graph to compute the function’s derivatives. Using the chain rule, the

Jacobian %(0) of f is obtained as a product of the Jacobian of the intermediate states z1, . .., 2.
af 0z,  Ozp 071 Oz, 0%p—1 0%
gy = - ZemPEl et 2.18
00 (©) 00 0z 00 Ozp—1  Ozp_o 00 (2.18)
—— —— N — ~—~
pxd PXMp—1 Mp—1XMp_2 myXd

Depending on the order of the multiplication, one can compute the derivative of f with respect to 6 in
two ways: the forward mode and the reverse mode.

2.3.2 Forward mode

The forward mode of AD was first proposed by Wengert (1964). It allows to compute Jacobian-vector
product, that is, the product of the Jacobian of a function f : R? x p with a vector v

8f o azn 8Zn_1 821
<= U

(2.19)

It consists of doing the multiplications in Equation (2.19) from the right to the left. It is a forward
pass in the computational graph where we propagate at the same time the states z; and the partial
derivatives a%;‘ If f is real-valued, the ith coordinate of its gradient is exactly given by the product of
the Jacobian of f and the ith canonical basis vector ¢; since

of oy 4. [0 +te;) — f(6)
a0, V) = I ¢ ‘

(2.20)
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Thus, we can get its gradient by computing each of the d JVPs ((%i (0) x ei) e with forward AD.

To understand properly what is happening when using forward differentiation, let us go back to the
linear MLP defined in Equation (2.17). If we implement by ourselves the forward differentiation to get
the JVP, we obtain the following code.
def jvp(U, W, v_u, v_w):
# Forward diff of f
zl = W @ x
v_zl = v_w @ x # Directional derivative of W -> W @ x in the
direction v_w

z2 = U @ z1
v.z2 =U @ v_z1l + v_u @ z1 # Directional derivative of (U, z_1) ->
z2 in the direction (v_u, v_z1l)

v_z3 = v_z2 @ z2 # Directional derivative of z2 -> .b*xz2%*%2 in the
direction v_z2
return v_z3

In comparison with the code of the evaluation of f,, there are two more operations corresponding to
the computation of the dual variables v_z1 and v_z2. In terms of memory, if we consider the compu-
tation of the JVP as coded in the previous snippet, the maximum number of parents of a vertex is four.
This maximum is achieved by the vertex v_z2 which has the vertices U, v_z1, v_u and z1 as parents.

In JAX, we get the JVP of a function f in the direction v with jax. jvp(f, (params, ), (v, ))I[1].

2.3.3 Reverse mode

The reverse mode of automatic differentiation (Linnainmaa, 1970, 1976) is the most used in practice in
machine learning. Indeed, it is the more efficient mode to compute gradients. In a deep learning con-
text, where we want to compute gradients of the cost function with respect to the model’s parameters,
the reverse mode is often referred to as backpropagation (Rumelhart et al., 1986).

For u € R?, the reverse mode aims at computing VJPs

af azn 3Zn—1 (921
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(2.21)

In the reverse AD, the multiplications of Equation (2.19) are done from the left to the right. It requires
doing one forward pass in the computational graph to compute the intermediate states z; and then
a backward pass to propagate the successive partial derivatives from the left to the right. Contrary to
the forward mode, it has a more important memory footprint. Indeed, it requires storing the values of
all the states. For instance, to compute the last term g%;, one needs the value of 25 which was the first
computed during the forward pass. If f is real-valued, « is a scalar, and the VJP is the multiplication
of the gradient of f by u. Thus, one can get the gradient on f by using v = 1 and performing only one

reverse differentiation. This makes this mode more efficient in computing gradients.

Let us observe what happens if we manually code the backpropagation to get the gradient of the pre-
vious function f, defined by f,(U,W) = (UWz)2.

def gradient (U, W):
# Forward pass
zl = W @ x
z2 = U @ z1
z3 = 0.5 *x z2%x%2
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# Reverse pass

## Transfer function: z3 = 0.5 * z2%*2
dz2 = z2 # derivative of z3 wrt z2
## Transfer function: z2 = U @ z1

dU = jnp.outer(dz2, zl) # derivative of z3 wrt U
dzl = U.T @ dz2 # derivative of z3 wrt =zl

## Transfer function: zl = W @ x
dW = jnp.outer(dzl, x) # derivative of z3 wrt W

return d4dU, dW

This function returns the gradient of f,. When reading this code, we understand that one needs to
store all the intermediate values of the forward pass in the graph. Indeed, if we look at the case of z1,
which is the first node computed, it is used four steps later for the computation of du.

To get the gradient in JAX, one can use jax.grad(f) (params).

2.3.4 Hessian-vector products

Many algorithms in bilevel optimization require the computation of Hessian-vector products (HVP),
that is quantities of the form
V2 f(z)v

for a twice differentiable function f : R? — R and a vector v. At first sight, computing such a quantity
seems prohibitive. Indeed, the naive way to compute it is to compute the full Hessian matrix V2 f(z)
and then multiply it by v. This is not doable in high dimensions because storing the Hessian matrix
requires O(p*) memory.

Automatic differentiation frameworks such as JAX (Bradbury et al., 2018) or PyTorch (Paszke et al.,
2019) enable to compute HVP efficiently without computing the full Hessian matrix. The idea comes
from Pearlmutter (1994), who proposes to leverage the following observation: the HVP is also the di-
rectional derivative of the gradient in the direction v:

V2 (a)o = lim < [V (2 + t0) — V()] = VIVF( ), 0)](0)

Based on this identity, AD enables to compute HVPs in three ways, as described in the JAX documen-
tation °.

Forward-over-reverse. The forward-over-reverse mode consists of doing forward differentiation
in a computational graph of the gradient of f. Its implementation in JAX is only two lines of code.

def hvp_forward_over_reverse (f, params, v):
return jax.jvp(jax.grad(f), (params, ), (v, ))I[1]

In this case, jax.grad(f) (params) is computed by backward AD, whose complexity is two times the
complexity of evaluating f. Thus, the temporal complexity of hvp_forward_over_reverse is roughly
four times the complexity of the evaluation of f.

To better see what happens, let us consider again our function f, defined by Equation (2.17). The
Python code of the forward-over-reverse HVP follows:

def forward_over_reverse(U, W, v_U, v_W):
# Forward through the forward pass through f
zl = W @ x
v_zl = v_.W Q@ x

*https://jax.readthedocs.io/en/latest/notebooks/autodiff_cookbook.html


https://jax.readthedocs.io/en/latest/notebooks/autodiff_cookbook.html

2.3. Automatic differentiation 34

z2 = U @ z1
v_z2 =U @ v_zl1 + v_U @ z1

# z3 = 0.5 * zZ2%*2

# Forward through the backward pass through f
z4 = z2 # dz2

v_z4 = v_z2 # v_dz2

z5 = jnp.outer(z4, zl) # dU
v_z5 = jnp.outer(v_z4, zl) + jnp.outer(z4, v_zl) # v_dU

z6 = U.T @ z4 # dzl
v.z6 = U.T @ v_z4 + v_U.T @ z4 # v_dzl

z7 = jnp.outer(z6, x) # d4dW
v_z7 = jnp.outer(v_z6, x) # v_dW

return v_z5, v_z7 # v_dU, v_dW

The take-home message of this part is that, after computing the gradient of f,, one can consider a
computational graph of this gradient and perform forward differentiation through this new computa-
tional graph. Here, the variables z1,..., z7 are the vertices of a computational graph of the gradient of
fz- The nice thing is that this mode enables the gradient and the HVP to be obtained at the same time.
Indeed, in the previous snippet, z5 and z7 are the components of the gradient of f,, which could be
also returned if needed. This feature can be useful in bilevel optimization, for instance.

Reverse-over-reverse. Instead of doing forward differentiation of the gradient, one can multiply
the gradient by v and thus get a scalar. We can then backpropagate into this scalar product. This is the
reverse-over-reverse mode.

It can be implemented by these lines of code.

def hvp_reverse_over_reverse (f, params, v):
return jax.grad(lambda y: jnp.vdot(jax.grad(f) (y), v)) (params)

Since the gradients are computed by backpropagation, the complexity of hvp_reverse_over_reverse
is twice the complexity of jax.grad(f), which is roughly four times the complexity of the evaluation
of f.

Writting down the code of the reverse-over-reverse HVP for our function f, defined by Equation (2.17)
makes us understand the differences between this mode and the forward-over-reverse mode. Particu-
larly, one can notice that there are more elementary operations in reverse_over_reverse mode than
in forward_over_reverse. In terms of memory footprint, reverse_over_reverse requires storing the
values of the vertices of the computational graph of the gradient of f,, while forward_over_reverse
only needs to store the values of the vertices of the computational graph of f,.. Thus, the former is less
efficient than the latter.

def reverse_over_reverse(U, W, v_u, v_w):
# Forward through <grad(f), v>
## Forward through f

z1 = W @ x
z2 = U @ z1
z3 = 0.5 * jnp.linalg.norm(z2) **2

## Reverse through f
z4 = z2 # dz2
z4 = jnp.outer(z3, zl) # dU
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z5
z6

U.T @ z3 # dzil
jnp.outer (z5, x) # dW

# Output: dot product <grad(f), v>
z7 = jnp.sum(z4 * v_u) + jonp.sum(z6 * v_w)

# Backward through z7 = <grad(f) ,v>

## 27 = jnp.sum(z4 * v_u) + jnp.sum(z6 * v_w)
dz6 = v_w
dz4 = v_u

## z6 = jnp.outer(z5, x)
dz5 = dz6 Q@ x

## z5 = U.T @ z3
dz3 = U @ dz5
ddU = jnp.outer(z3, dz5) # Derivative of z7 wrt U

## z4 = jnp.outer (z3, zl)
dz3 += dz4 @ z1
dzl = dz4.T @ z3

## z3 = z2
dz2 = dz3

## z2 = U @ z1

dzl += dz2 *x U

# As U appears multiple times in the graph, we sum its contributions
ddU += jnp.outer (dz2, zl1)

## z1 = W Q@ x
ddW = jnp.outer(dzl, x) # Derivative of z7 wrt W

return ddU, ddw

Reverse-over-forward. What about doing forward differentiation of f rather than reverse propa-
gation? This is what is done in the reverse-over-forward mode. It consists in backpropagating in the
computational graph of the JVP of f and v.

def hvp_reverse_over_forward(f, params, v):
jvp_fun = lambda params: jax.jvp(f, (params, ), (v, ))[1]
return jax.grad(jvp_fun) (params)

Since we backpropagate only once, the memory burden is lower than for hvp_reverse_over_reverse.
In comparison with hvp_forward_over_reverse, the complexity is the same. However, one can notice
that hvp_forward_over_reverse enables computing at the same time the gradient of f and the HVP,
which is not the case for the hvp_reverse_over_reverse mode.

The code of the reverse-over-forward HVP for the MLP f, defined by Equation (2.17) is the following.

def reverse_over_forward(U, W, v_U, v_W):
# Forward diff of f to <grad(f), v>
zl = W @ x
z6 = v.W @ x # v_zl

z2 U @ z1
zb = U @ z6 + v.U @ z1 # v_z2

# output <grad(f), v>
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z4 = zb @ z2 # v_z3

# Backward pass through <grad(f), v>
## z4 = zb5 Q@ z2

dz2 = zb

dzb = z2 # dv_z?2

## z5 = U @ z6 + v_U @ z1

dzl1 = v_U.T @ dzb

dz6 = U.T @ dz5 # dv_zl

ddU = jnp.outer(dz5, z6) # derivative of z4 wrt U

## z2 = U @ z1

# As U and dzl appear multiple times, we sum their contributions
dzl += U.T @ dz2

ddU += jnp.outer (dz2, z1)

## z1 = W Q@ x
ddW = jnp.outer(dzl, x)
return ddU, ddW

2.3.5 Benchmarking HVP computation with deep learning architectures.

While these three methods compute the same outputs, the different ways of traversing the computa-
tional graph change their overall time and memory complexities. We now compare the computation
of HVPs with these three methods for various deep-learning architectures®. To cover a broad range of
use cases, we consider a residual network ResNet34 (He et al., 2015) and a transformer-based archi-
tecture ViT-base (Dosovitskiy et al., 2021) for image classification as well as a transformer for natural
language processing Bert-base (Devlin et al., 2019). We use the Flax and PyTorch implementations of
these architectures available in the transformers package provided by Hugging Face.

All computations were run on an Nvidia A100 GPU with 40 GB of memory.

Time complexity. The first comparison we make is a comparison in terms of wall-clock time be-
tween the different ways to compute HVPs and also the computation of a gradient by backpropaga-
tion. For each architecture, we compute the gradient of the model with respect to the parameters
by backpropagation. We also compute the HVPs in forward-over-reverse, reverse-over-forward and
reverse-over-reverse modes. For each computation, we measure the time taken. Specifically for the
HVPs, we subtract the time taken by a gradient computation to get only the time of the overhead re-
quired by the HVP computation. The inputs for each architecture are generated randomly. For the
ResNet34 architecture, we generated a batch of images of size 224x224x3. To limit out-of-memory is-
sues in the experiments, we generated, for the ViT architecture, images of size 96x96x3. For the BERT
architecture, we generated a batch of sequences of length 32.

We first use JAX with just-in-time compilation. Each computation is run 90 times. The results are
in figure 2.9. We plot, on the left of the figure, the median computation time and also the 20% and
80% percentile in black. The computations are done with a batch size of 128. We observe that the
overhead over the gradient computation for the HVP computation is between one and twice the time
of a gradient computation for the three architectures. Consequently, a whole HVP computation takes
between twice and three times the time of a gradient calculation. This is consistent with the theory.
One can notice that the reverse-over-reverse is slightly slower than the others in all the cases. The
forward-over-reverse and reverse-over-forward are, as for them, very close in terms of time.

We also report on the right figure the computational time of each method with respect to the batch size

3The code of the benchmark is available on https://github. com/MatDag/bench_hvp/
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for the ResNet34 architecture. We observe, as expected, that the computational time scales linearly
with the batch size.

—e— Gradient HVP reverse-over-forward
HVP forward-over-reverse —e— HVP reverse-over-reverse
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Figure 2.9: Left: Median computation time of the gradient and HVPs in JAX for the ResNet34, ViT, and
BERT architectures with a batch size of 128. The 20% and 80% percentiles are also reported. Right:
Evolution of the computational time of the gradient and HVPs with the batch size for the ResNet34
architecture.

We run a similar experiment with the functional API available in PyTorch torch.func similar to the
one JAX has. The results we show in figure 2.10 are more contrasted.

In the case of ResNet34, the scaling between the different methods is similar to the one we get with JAX.
Also, during our experiments, we figured out that batch normalization made the forward computation
slow and induced out-of-memory issues. Thus, we removed the batch normalization layers from the
ResNet34 architecture.

For ViT and BERT, the forward-over-reverse is surprisingly longer than the reverse-over-reverse meth-
od. Moreover, the scaling between the gradient and HVP computational time differs from the one we
get with JAX. Indeed, for these architectures, the HVP computations take between four and five more
time than the gradient computations. This is a discrepancy with what we would expect in theory. This
might be because, at the time we are writing this blog post, the functional API of PyTorch is still in its
early stages. Particularly, we could not use the compilation with torch.compile because it does not
work with some operators of torch. func such as torch.func. jvp.
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Figure 2.10: Left: Median computation time of the gradient and HVPs in PyTorch for the ResNet34,
ViT, and BERT architectures with a batch size of 128. The 20% and 80% percentiles are also reported.
Right: Evolution of the computational time of the gradient and HVPs with the batch size for the
ResNet34 architecture.
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Memory complexity. We also compare the memory footprint of each approach. The figure 2.11
provides the results we get with JAX jitted code. On the left, we represent the result for each method
and model with a batch size of 64. On the right, we show the evolution of the memory footprint of each
method for the ResNet34 with the batch size. Surprisingly, we could observe that the memory footprint
of the different methods to compute HVPs does not vary for a given model. This is counterintuitive
since we expect that the reverse-over-reverse method has a larger memory footprint due to the double
backpropagation.
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Figure 2.11: Left: Memory footprint of the gradient and JVP computation in JAX jitted code. Right:
Evolution of the memory footprint with de batch size

However, we do the same experiment by disabling the JIT compilation. The result we get corroborates
the theory. One can observe in the figure 2.13 that the memory footprint of the reverse-over-reverse
method is larger than the one of the forward-over-reverse and reverse-over-forward methods. This
is because the reverse-over-reverse involves two successive backward differentiations while the other
two involve only one reverse differentiation. Moreover, it scales linearly with the batch size, which was
not the case in the previous figure in the small batch size regime.

In light of these two results, the clever memory allocation performed during just-in-time compilation
significantly reduces the memory footprint of the HVP computations.
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Figure 2.12: Left: Memory footprint of the gradient and JVP computation in JAX without jitting the
code. Right: Evolution of the memory footprint with de batch size

In figure 2.12, we plot the results we get with the PyTorch implementation. One observes that in all the
cases, the forward-over-reverse mode consumes more memory than the reverse-over-forward mode.
It is almost at the same level as reverse-over-reverse mode, which is quite unexpected.
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The right plot of the evolution of the memory footprint with the batch size for the ResNet34 architec-
ture evolves linearly, as expected.
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Figure 2.13: Left: Memory footprint of the gradient and JVP computation in PyTorch. Right: Evolution
of the memory footprint with de batch size
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This chapter reviews the standard approaches to solving bilevel optimization problems in the machine
learning community that use gradient information.

3.1 Implicit differentiation
In this section, we consider the singleton lower-level problem presented in subsection 1.2.2:

min ®(z) £ f(z,y*(z)) st y*(z) =argming(z,y) .
zeRde yER%w

We give conditions on the outer and the inner functions to ensure that the value function ¢ is dif-
ferentiable and the main recipes in the bilevel optimizers that leverage the implicit differentiation
technique we present.

41
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3.1.1 The Implicit Function Theorem

The implicit function theorem (IFT) (Dontchev and Rockafellar, 2009; Krantz et al., 2013) is a funda-
mental result in analysis that enables the expression of the solution of some parametric equation as
a differentiable function. We will use it later to derive the gradient of the value function in bilevel
optimization.

Theorem 3.1. Let F' : RP x R? — RP a continuously differentiable function. Let (ug,vo) € R? x RP such
that F(ug,vo) = 0 and the partial Jacobian 0, F (ug, vo) is invertible. Then, there exists a neighborhood
U of uy and a neighborhoodV of vy and a continuously differentiable function h : V. — U such that for
anyv €V, it holds

F(h(v),v) =0 .

Moreover, the Jacobian of h is given by
dh(v) = — [0, F(h(v),v)] " 8y F(h(v),v) .

In the next section, we see how one can use the IFT to derive the gradient of the value function ® in
bilevel optimization.

3.1.2 Implicit differentiation and regularity of the value function

Gradient descent presented in Section 2.2 is the workhorse algorithm for differentiable optimization.
The main advantage of first-order algorithms with respect to zero-order algorithms is that their guar-
antees are independent of the problem’s dimension (Nesterov, 2018). However, to use gradient descent
on the value function ®, we must ensure that the function ® is differentiable, and we must be able to
compute its gradient efficiently. The value function ® considered in bilevel optimization is defined
implicitly. Therefore, it is not straightforward that these conditions hold. Indeed, the differentiability
of the outer function f and the inner function g is not sufficient to make the function ® differentiable,
as shown in Example 3.1.

Example 3.1. Consider the function f and g defined on R? as

flzy)=y and g(z,y) =’ —=z)* .

Both f and g are differentiable with respect to (x,y). Moreover, for any x € R, the function g(z, -) admits
a unique minimizer given by y* (x') = sign(z)|z|3 . However, the value function ® given by

() = f(z,y" (x)) = sign(x)||*
is not differentiable at x = 0 (see figure 3.1).

Consequently, one needs more assumptions to ensure the differentiability of the value function. This
can be achieved by looking at the optimality condition that should verify y*(z) for any = € R% (Jongen
et al.,, 1990; Dempe, 1993, 1998). In particular, as stated in Proposition 2.2, when ¢(z, - ) is convex and
has a unique minimizer, the minimizer y*(z) is uniquely defined by the solution in y of the equation

Vyg(z,y) =0 .

The Implicit Function Theorem (Theorem 3.1) enables to express the minimizer y*(z) as a differen-
tiable function of , under the condition that V, g is differentiable and V?, g(z, y*(x)) is invertible for
any r € R%. The common assumptions adopted to ensure these conditions are to assume that the
inner function g is twice differentiable and that for any = € R, the function g(z, -) is u,-strongly
convex (Pedregosa, 2016; Ghadimi and Wang, 2018) for some constant y, > 0.

Proposition 3.1. Assume that the function f is differentiable and that the inner function g is twice
differentiable and 1., -strongly convex with respect to y. Then, the value function ® defined as in Prob-
lem (1.11) is differentiable and its gradient is given by

Vo(r) = Vo f (2,5 (x)) — Vayg(z,y* (@) [V2,9(x,y* (@)] ' Vyf(z,y* (@) . CRY)
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Figure 3.1: Example of differentiable function g where the function y* is well-defined but not differen-
tiable everywhere. Here, we have g(z,y) = (y® — 2)2 and y*(z) = sign(«)|z|3. The blue lines are the
level sets of g. The red curve is the graph of y*. Near to x = 0, the function y* has an infinite slope,
making it non-differentiable at 0.

The gradient V® is often called the hypergradient in the bilevel optimization literature.

Proof. Letz € R . Since the function g(z, -) is u,-strongly convex, it has a unique minimizer which is
the solution of the equation

Vyg(z,y) =0 .
The function g is twice differentiable, and by strong convexity, its Hessian matrix V3, g(z,y*(z)) is
invertible. By the Implicit Function Theorem, there exists a differentiable function y* : R% — R
such that for any z € R%, it holds

Vyg(z,y*(z)) =0 . (3.2)

Therefore, the value function @ is differentiable as a sum and composition of differentiable functions.
Then, the chain rule yields

VO(z) = Vo f(,y"(x)) + dy* (2) "V, f (2, y" (@) 3-3)
where dy*(z) denotes the Jacobian matrix of y*. Differentiating Equation (3.2) with respect to x gives
Vyeg(@,y* (@) + Vi, g9(z,y* (2))dy*(x) =0 .

This yields the following expression for the Jacobian of y*

* * -1 *
dy*(z) = — [Vi,9(x,y* (2))]  Vyeg(z,y*(z)) . (3.4)
Then, plugging Equation (3.4) into Equation (3.3) provides the result. O
For convenience, we denote v*(z) the quantity v*(z) = — [VZ g(z,y*(z))] 'V, f(x,y*(x)), so that

Previously, we saw that getting descent guarantees with the gradient descent algorithm requires en-
suring the gradient of the value function & is Lipschitz continuous. It is possible to have this property
by adding to the assumptions of Proposition 3.1, the Lipschitz continuity of the outer function f and
the Lipschitz continuity of the Hessian of the inner function g, as proved by Ghadimi and Wang (2018).

Proposition 3.2 (Ghadimi and Wang (2018, Lemma 2.2)). Assume that the outer function f is Ly -
smooth, Ly o-Lipschitz continuous and that the inner function g is Ly 1 -smooth and its Hessian is L » -
Lipschitz continuous. Moreover, assume that for any x € R%, the function g(z,-) is ji,-strongly convex.
Then, the gradient of the value function ® is L -Lipschitz continuous with

2LyaLga+LioLg2  2LyoLgaLgs+ Lpi(Lgn)® | Lyo(Lga)*Lgs
+ . T 2 .
:ug lj’g :ug

Lo =1L+
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Remark. The condition on the Lipschitz continuity of the outer function can be relaxed by a slightly
weaker assumption, which consists of assuming the existence of a constant C' > 0 such that for any
x € R% we have

IVf(z,y" (@)l < C .

For the remainder of this section, we assume the following conditions, which are sufficient for the
smoothness of the value function ®.

Assumption 3.1. The outer function f is differentiable, L -Lipschitz continuous and L ; ; -smooth.

Assumption 3.2. The inner function g is twice differentiable, L, 1 -smooth, and its second order deriva-
tive is L, o -Lipschitz continuous. Moreover, for any x € R%, the function g(z,.) is j,-strongly convex.

For instance, the strong convexity of the inner function g holds when g is the Ridge regression loss
or the ¢?-regularized logistic regression loss with non-separable data. Although the uniformity of the
strong convexity modulus p, for all z € R is very restrictive, it is a common assumption in the bilevel
literature (Ji et al., 2021; Grazzi et al., 2020).

One limitation of implicit differentiation is that it requires the strong convexity of the inner function,
which is very restrictive. In practical applications involving neural networks, for instance, the inner
function can be non-convex. Petrulionyte et al. (2024) propose to circumvent this non-convexity by
replacing the inner problem it with an infinite-dimensional problem. Specifically, in machine learn-
ing, the inner function often takes the form

9(z,y) = L(z, hy)

where (hy), cre, is a parametric family of functions (e.g. a neural network parametrized by its weights).
Often, the non-convexity of the problem comes from the parametrization, meaning that function
L(z, -) is convex in many cases. Thus, the idea of Petrulionyte et al. (2024) is to replace the minimiza-
tion of g with respect to y by the minimization of the functional £(z, - ) in functional space and demon-
strate a functional variant of the implicit function theorem that enables to get the Frechet derivative
of h*(z) = argmin,, L(x, h).

In other machine learning applications, the inner function is nonsmooth. This is the case, for instance,
when using nonsmooth regularization to enforce some sparsity pattern to the inner problem, as in
Lasso regression (Tibshirani, 1996). Bolte et al. (2021) provide a nonsmooth adaptation of the implicit
function theorem for functions that are path differentiable (Bolte and Pauwels, 2020). Grazzi et al.
(2024) extended these by providing convergence rates for algorithms leveraging nonsmooth implicit
differentiation. Another line of work (Bertrand et al., 2020, 2022) proposes to differentiate optimality
conditions for composite inner functions.

In the remainder of the thesis, we focus on cases where the inner function is smooth. The next sub-
section provides details of the practical use of implicit differentiation to solve bilevel problems.

3.1.3 Approximate Implicit Differentiation (AID)

The gradient expression given in Equation (3.1) presents two computational bottlenecks: it requires
the resolution of the inner problem to get y*(z) and the resolution of a linear system to get v*(z).
When the inner problem is ill-conditioned, this can be dramatically costly. In its seminal work, Pe-
dregosa (2016) lays the first bricks to Approximate Implicit Differentiation (AID), opening the doors to
many algorithms for gradient-based bilevel optimization. The idea is the following: instead of com-
puting the gradient V®(z) exactly by solving the two subproblems, one can replace y*(z) and v*(z) in
Equation (3.1) by approximations y and v. This leads us to consider the approximate hypergradient

Ve(z;y,v) = Vo f(,y) + Vi,9(z,y)v . (3.5)
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Algorithm 4 General AID-based algorithm
Input: initializations z° € R%, ¢y € R%, +0 € R%, number of iterations T
fort=0,...,7T—-1do
Get an approximation y'*! of y* ()
Get an approximation v‘*! of the solution of the linear system

Va9t y e = =V, f(a', ")
Update z following the opposite direction of the approximate gradient
l’t+1 — ZL‘t _ 7V<I>(:Ut yt+1 ,Ut-i—l)

end for

This approximate hypergradient is consistent with the exact hypergradient since we have

Vo (z;y(z),v"(2)) = Ve(x) .

The approximations y and v are the outputs of iterative algorithms that approximately solve the inner
problem and the linear system. Running gradient descent with the approximate gradient V& (x; y,v)
yields the AID-based algorithms, whose general form is given in Algorithm 4. At iteration ¢, AID-based
algorithm computes 31, an approximation of y*(x?). Then, one needs an approximation of v*(xz?).
However, since we do not have y*(z!), we rather approximate

Vi, 9@ty TV, fah Yt

We thus denote 9(z; y) = —-V2,9(x,y)Vy f(x,y), so that o(z; y*(z)) = v*(x).

Pedregosa (2016) proposes an instantiation of Algorithm 4 which consists in solving at iteration ¢ the
subproblems with a precision €, for a given tolerance sequence (¢');>(. He shows that if the decrease
of the sequence (¢');> is sufficient, the gradient norms (||[V®(z')||):>0 converge towards zero.

Theorem 3.2 (Pedregosa (2016, Theorem 2)). Assume that f has Lipschitz gradients, g is strongly convex
with respect to y, and has Lipschitz gradients and Hessian. If the tolerance sequence (¢');>( verifies

+oo
Z el < +00
t=0

then we have
lim [|[V®(2')|| =0 .
t—+oco
This first theoretical result provides a sufficient condition for converging with an AID method. How-
ever, it is an asymptotic result that does not give any convergence speed. The first non-asymptotic
convergence result for AID-based algorithms is due to Ghadimi and Wang (2018).

It is interesting to see how the gradient error influences the descent property of the AID-based algo-
rithms. This is done in Lemma 3.1 by leveraging the smoothness of the value function .

Lemma 3.1. Assume that Assumptions 3.1 and 3.2 hold. Let (y',v",2");>0 a sequence of iterates pro-
duced by Algorithm 4. Then, we have the following descent property

(a'*) < @) = TV - 3 (1= Lon) [VO(a'sy™, 0| (3.6)
+ 2 IVe(!) = V(o' v 2
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Proof. Using the smoothness of the value function ® in Proposition 3.2, we have the following inequal-
ity for any z, 2’ € R

D(z') < ®(z) + (VO(x),2" —z) + %

Using the previous inequality with 2 = z! and 2’ = z!*! and the relation

e’ — alf” .

Pl gt — —’y@‘l’(:ct;yHl,le)
we have
— 2L
D(z"th) < B(ah) — y(VE(2"), VO(z'; 5T ") + —= 7 2[Ve(at;y ot )2

For any a,b € R%, we have (a,b) = 1 ([la]|® + [|b]|* — [la — b]|?). Applying this relation and rearranging
yields
o) < (a") —

wu

’}/ —
IVO@E)* = 5 (1= Len) [VO(a'; ™, v
+ §IIV‘I>(xt) = V(2" y ™ o
O

In the case where y'™ = y*(xt), v!Tt = v*(2!) and v < ﬁ, we recover the usual descent lemma for

gradient descent for smooth functions (Lemma 2.1). Moreover, one might note that the approximation
error term ||V®(z') — V& (z';y' 1, v!1)||? slows down the descent. In other words, the better the
approximation of the hypergradient, the steepest the descent. One can bound this approximation
error by the error on y and v.

Lemma 3.2. Assume that Assumptions 3.1 and 3.2. For x € R, andy,v € R%, we have
[V®(x) = VO (z;9,v)|| < L(lly — y* (@) || + lv — v*(2)]]) -

As a consequence, the Equation (3.6) can be rewritten as

D(a"*) < @) = TV - 5 (1= Lom) [Tty 0| (3.7)
’)/QEQ

+ 5 (g™ =y @I+ o =07 @)])

Proof. Let (y,v,z) € R% x R% x R, We start by writing

IV (z;y,0) = VO()|| < Vo f(@,y) = Vaf (25" (@) + IVZ,9(@,y)v = V2,9(z, 5" (2)v" (2)
<|IVaf(@,y) = Vol @@,y @) + Va9 (@, v — v* ()]
+ o @)V3y9(z.y) = Viyg(e.y™ (@) -
We bound the first term using the L ;-Lipschitz continuity V, f. For the second term, we use the

boundedness of V2, ¢ thanks to the Lipschitz continuity of V,g(-,y). For the third term, we use that
V2,9(x, - ) is Ly o-Lipschitz continuous. We finally get

W, * * L s L s *
198 (w5 9,v) — VO@)] < Lyally — v @)l + Lyallo — v* (@) + Z20E02 1y _ ()
g
LyoLg2 .
< (Lf,1 n ) by — " @)+ Lyallo — v @) -
Hg
Taking L = /2 max (Lf,1 + %,L&O yields
199 (@9, 0) — Vo) |2 < E2(ly - v @) + v - o*(@)]?) . (3.8)
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The combination of Lemma 3.1 and Lemma 3.2 suggests that the efficiency of AID-based algorithms
depends on the quality of the approximations of y*(x) and v*(z) we use. However, getting better ap-
proximations of y*(x) and v*(z) demands more computations leading to heavier outer iterations. As
a consequence, there is a trade-off between the convergence speed in terms of number of outer itera-
tions and the computational cost of each outer iteration.

Besides being able to develop gradient-based methods, having the function ® differentiable enables a
criterion to compare the theoretical performances of the bilevel solvers. In the bilevel literature, the
criterion given by Definition 3.1 is often used.

Definition 3.1. Let (z*)o<;<r—1 the iterates of an algorithm. We say that we have found an e-stationary
point if

T-1

Y ElVeE)?] < e

t=1

Nl

where the expectation is taken with respect to the possible randomness of the algorithm producing
the sequence (z')g<t<7-1.

In the next subsection, we review some of the main strategies deployed to approximate y*(z*) and
v*(z?).

3.1.4 Practical computation of the approximate hypergradient

Resolution of the inner problem. Since the inner function is assumed to be strongly convex, one
can approximate efficiently the solution of the inner problem by performing several steps of a linearly
convergent optimization algorithm. The solver most widely used in the bilevel literature is the gradient
descent presented in Chapter 2 (Ghadimi and Wang, 2018; Ji et al., 2021). Ghadimi and Wang (2018),Ji
and Liang (2023) and Chen et al. (2023b) propose to use gradient descent with Nesterov acceleration
(Nesterov, 1983), that enjoy a faster convergence speed on strongly convex functions. Pedregosa (2016)
proposes to use L-BFGS (Liu and Nocedal, 1989), a quasi-Newton method for the inner problem.

Resolution of the linear system. The hypergradient given in Equation (3.1) involved a linear sys-
tem driven by the Hessian matrix of the inner function g. In the literature, several authors (Pedregosa,
2016; Grazzi et al., 2020) propose to perform several steps of Conjugate Gradient algorithm (Hestenes
and Stiefel, 1952; Nocedal and Wright, 2006) to approximate the solution of the linear system. In Ramzi
etal. (2022), the authors propose an efficient method to approximate the hypergradient Equation (3.1)
when the inner problem is solved by a quasi-Newton method (Liu and Nocedal, 1989; Broyden, 1965).
Indeed, as the quasi-Newton techniques rely on an approximation of the inverse Hessian of the func-
tion we want to minimize, the authors propose to reuse the quasi-Newton matrices of the forward pass
for the approximation of the solution of the linear system. Other authors, such as Grazzi et al. (2020) or
Arbel and Mairal (2022a), cast the linear system as the minimization of the following quadratic func-
tion

1
v 5v V(@ yv+ Yy fe,y) T

and apply gradient descent steps to it. This is justified by the Hessian matrix Viy g(z,y) being sym-
metric positive definite since g(z, - ) is strongly convex.

Choosing which solver to use for each subproblem is not the only question. Whether for the resolution
of the inner problem or the resolution of the linear system, one has to select the initialization of each
sub-procedure. In the next section, we present the two main strategies for this initialization: the cold-
start and the warm-start strategies.

3.1.5 Initialization of the sub-procedures

An important question when designing AID-based algorithms is the choice of the initialization of the
two sub-procedures that approximate y*(z) and v*(z). There are two main strategies: the cold-start
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and the warm-start strategies. Both methods yield different computational complexities (Arbel and
Mairal, 2022a; Ji et al., 2021) but also different implicit biases in overparametrized cases (Vicol et al.,
2022). In what follows, we focus on the computational aspects of the choice of initialization.

For this subsection, we denote for ¥ € N A;(y;z) the kth-iterate of an iterative algorithm that ap-
proximates y*(z), starting from y € R%. Similarly, we denote B,(v; y, z) the gth-iterate of an iterative
algorithm that approximates ©(z; y), starting from v € R,

Cold-start strategy

The cold-start strategy uses the same initialization for the subproblems at each outer iteration. In
other words, for y°, v° € R%, we take at iteration ¢

Y= A, (v ah), o =By, (Vs )

In Ghadimi and Wang (2018), the authors propose the algorithm BA, an instantiation of Algorithm 4
where the inner problem is solved by gradient steps and cold started. The linear system is assumed
to be solved exactly. They show that under Assumption 3.1 and Assumption 3.2 and by furthermore
assuming that sup, cpa. ||y — y*(z)|| is finite, the iterates of the BA algorithm converge if we choose a
number of inner steps k, = ©(+/t + 1). This growing number of inner iterations with the outer itera-
tions is mandatory to reduce the hypergradient gradient approximation error.

In Grazzi et al. (2023), the authors show that with the cold-start strategy, an instantiation of Algo-
rithm 4 where gradient descent is used for the inner and the linear system solvers, one can recover the
convergence speed of gradient descent for non-convex single-level problems. This is proved under
the same assumptions as for the BA algorithm. To do so, they assume the number of iterations of both
subprocedures verifies k; = ¢; = ©(log(t)). Once again, the theory suggests a growing number of inner
iterations with the outer iterations.

To illustrate the behavior of bilevel optimizers with cold-started subproblem solvers, we consider the
following synthetic problem where the inner and the outer functions are quadratics

1 1

flz,y) = ixTAf7x$ + bT,zx + inAﬁyy + b;yy + :CTny (3.9
1 1

g(z,y) = §$TA97$.73 + b;ba: + inA%yy + b;,yy + ' Byy (3.10)

with Af,, Ay, € R0 be by € R1O, Afy, Ay, € RIOXI00 3 e RI, By, B, € RI0X100, We
run the Algorithm 4 with the inner solver (gradient descent) cold started at each iteration for differ-
ent values of number of inner steps. The linear system is solved exactly with the conjugate gradient
algorithm (which is still doable at this scale). We report in figure 3.2 the gradient norm of the value
function with respect to wall-clock time. We observe that in all the cases, the gradient norm reaches
a plateau. Moreover, the higher the number of inner steps, the lower the plateau. But, can also notice
that the computing time increases with the number of inner steps, which is expected.

Warm-start strategy

The warm-starting strategy consists of initializing each subproblem with the approximate solutions
used in the previous outer iteration. Formally, this means that we take

yt+1 _ Akt (yt;xt)’ vt+1 _ Blh (Ut;ytJrl,lL't) )

This strategy was first proposed by Ji et al. (2021) with the AID-BiO algorithm, where the inner solution
is approached by gradient descent steps, and the solution of the linear system is approximated by the
conjugate gradient algorithm. The authors show that under Assumption 3.1 and Assumption 3.2, the
complexity of AID-BiO to find an e-stationary point of ® is O(¢~!). Notably, this result assumes a fixed



3.2. Stochastic Approximate Implicit Differentiation 49

103
101
1071 1 =
c
o 1073 4 |§ 102 %
= \ N
B 10771 S
© E
P o107 2
- 10! o
1079 1 3
10—11 4
T T T 100
0 200 400
Time [sec]

Figure 3.2: Gradient norm of the value function with respect to wall-clock time when the outer and
the inner functions are quadratics. On the one hand, the more inner steps at each outer iteration,
the lower the plateau of the gradient norm. On the other hand, the more inner steps, the higher the
computing time.

number of steps of the inner problem and the linear system solvers. Also, it does not require to assume
that sup, cra, [|[y° — y* ()| is finite. In this paper, they also introduce the warm-starting strategy for
stochastic AID-based algorithms with stocBiO. However, only the inner solver is warm-started. Arbel
and Mairal (2022a) built upon by proposing AmIGO, the first stochastic AID-based algorithm in which
the inner and the linear system solvers are cold started. A more in-depth presentation of stochastic
AlID-based algorithms is presented in Section 3.2.

Finally, the warm-start strategy presents a drawback: it requires storing the last iterates of the two
subprocedures. This memory burden prevents this technique from being used in multi-block scenar-
ios like the deep equilibrium models’ training because it would require storing one inner variable per
sample.

To understand how the initialization strategy influences the convergence of the bilevel algorithms, we
run an instantiation of Algorithm 4 where at each iteration, 10 steps of gradient descent on the inner
problem and on the linear system are performed. We consider the quadratic setting of Equation (3.9)
and Equation (3.10). We do four runs depending we warm-start or cold start-each each subsolver.
We report in figure 3.3 the gradient norm of the value function with respect to wall-clock time. The
observation we make is that warm-starting both subsolvers enables the convergence of the gradient
norm towards zero. Otherwise, the gradient norm reaches a plateau.

So far, we have focused on deterministic algorithms that implement approximate implicit differenti-
ation. In many machine learning scenarios, these algorithms do not scale with the sample size of the

considered problem. This has motivated the development of stochastic algorithms for bilevel opti-
mization, which we present in the next section.

3.2 Stochastic Approximate Implicit Differentiation

In many machine learning applications like those presented in Section 1.3, the inner function and/or
the outer function take the form of an expectation over distributions P, and IP; respectively

f(xay) = E§~Pf [f(xvyag)] and g(:c,y) = ECNPg [g(x,y;C)] . (311)
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Figure 3.3: Gradient norm of the value function in function with respect to wall-clock time. Solid lines
correspond to runs with warm-started inner problems while dashed lines correspond to runs with
cold-started inner problems. Blue lines correspond to runs with warm-started linear system resolution
while orange lines correspond to runs with cold-started linear system resolution. In the legend, "WS"
means "warm-start"

A classical special case of this setting is the empirical risk minimization problem, where the functions
f and g are empirical means over samples:

flz,y) = Z (z,y) and g(x,y) Zgzxy . (3.12)

It corresponds to the case where £ and ¢ are uniform random variables over [m] and [n] respectively. For
instance, in the hyperparameter optimization problem, the outer function f is the average of the loss
over the validation sample, and the inner function g is the average of the loss over the training sample.

For convenience, for two batches of realizations of £ and { By = {¢,..., &} and By = {(1,..., ()}, we
denote
1< 1<
fB,(z,y) = gg (z,y;§;) and gg, (z,y) g; HERTHO (3.13)

In single-level optimization, classical stochastic algorithms such as SGD rely on an unbiased estima-
tion of the gradient of the objective function. In the bilevel case, the gradient of the value function ®
is given by Equation (3.1). Notably, it involves the inverse Hessian-vector product (iHVP) v*(z) which
uses the inverse of the Hessian matrix of the inner function ¢g. This matrix inversion challenges the
design of an unbiased estimator of the hypergradient since in particular, we have

- -1

Ecep, [Viy9(z,y:0) 7] # [Ecer, [Vi,9(z, 55 0)]]

However, many works have proposed different ways to handle stochasticity, notably by using stochas-
tic algorithms for the two subprocedures, leading to different performances. In addition to the reg-

ularity Assumptions 3.1 and 3.2, these works assume the unbiasedness and the bounded variance of
the different stochastic derivatives (Ghadimi and Wang, 2018; Chen et al., 2021)

Assumption 3.3. The stochastic derivatives V. f(z,y; ), Vy f(x,y;€), Vyg(z,y;C), Vi, 9(z,y; () and
V2,9(x,y; ¢) are respectively unbiased estimators of V.. f (x,y), V., f (x,y), Vyg(z,y), V2, 9(x,y) and
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Viy g(x,y). Moreover, there exist oy and o, such that

Eenp, [IVaf(z,y; ) — Vaof (z,9)|%] < 0}
Eep, [ Vy f(2,y;€) = Vy f (2, 9)]?] < 0}
B¢, [ Vya(z, 45 ¢) = Vyg(2,9)|I°] < o
Ecp, Ve, 9(x,y;¢) — Vyg(a,9)|I°] < o)
B¢, [IV2,9(2, 43 ¢) — Vyg(a,y)|?] <o .

In some papers (Ji et al., 2021; Yang et al., 2021), the regularity assumptions on the outer function (As-
sumption 3.1) and on the inner function (Assumption 3.2) are assumed to hold on the stochastic ora-
cles, which is a bit stronger.

Assumption 3.4. The function f( -, -;&) is differentiable, L ¢ o -Lipschitz continuous and L ; -smooth.

Assumption 3.5. The function g( -, -; () is twice differentiable, L, -smooth, and its second order deri-
vative is L, »-Lipschitz continuous. Moreover, for any x € R, the function g(x, .; () is j,-strongly con-
vex.

In the next subsections, we review the methods that are used in the stochastic AID-based bilevel
solvers to approximate y*(z!) and v*(z!) in a stochastic fashion and present the guarantees we get
for those methods.

3.2.1 Two-loop versus one-loop algorithms

Analogously to the deterministic case, the common strategy to approximate the inner solution is to
run one or several steps of a stochastic optimization algorithm. Thus, the first stochastic AID-based
algorithm is the Bilevel Stochastic Algorithm (BSA) (Ghadimi and Wang, 2018) where the solution of
the inner problem is approximated by several SGD steps. Since the solver is cold-started, the anal-
ysis of BSA assumes a number of inner steps equal to [v/# + 1] where ¢ is the current outer iteration
number. Subsequent works (Ji et al., 2021; Arbel and Mairal, 2022a; Chen et al., 2021) also use SGD for
the inner problem but with warm-start, which enables to keep the number of inner steps fixed on the
order of the inner conditioning, that % > 1.

In Hong et al. (2023), the authors propose a novel paradigm, where only a single step is performed
for the inner problem. The practical advantage of this is that the practitioners do not need to tune
the number of inner steps. However, the analysis of their method, named Two-Time Scale Algorithm
(TTSA), assumes an inner step size in ©(7~%) and an outer step size in ©(7~%). In other words, for
large horizons, the progress of the inner variable is much faster than the progress of the outer variable.
This lead to complexity in O(¢~2) (here the tilde on the O notation indicates a hidden log(e~*) factor),
which is far from the complexity of SGD for non-convex problems, which is in O(¢~2). Chen et al.

(2022b) propose STABLE, a single-loop algorithm where the inner variable y is updated as follows
y' =yt = pVg(at y' G) — [Hy, T H, (2 — 2t

where H/, and HJ, are stochastic estimators of V2, g(z*,y') and V2 g(z', ") respectively. This dy-
namic motivated by an ODE analysis allows to get a complexity in O(e~2), but the computational cost
of the product [H,|~" H}, makes this algorithm impractical.

yx

3.2.2 Variance reduction in bilevel optimization

Beyond the distinction between single-loop and two-loop algorithms, some papers propose to accel-
erate the problem resolution by implementing variance reduction techniques, either on the inner up-
date or in the outer update. For instance, Yang et al. (2021) and Khanduri et al. (2021) propose to adapt
the momentum-based variance reduction of the STORM algorithm (Cutkosky and Orabona, 2019).
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This technique works as follows. Assume that w is the variable we want to update (w can be either the
inner variable y, the linear system variable v, or the outer variable z) in a direction F(w) = E¢[F(w; ()]
(F' can be the inner gradient for instance). Then the STORM update rule reads

t+1

whtt = wt — ptdt

where pt is the step size and d* verifies the following recursion
d' = F(w'¢) + (1= B)(d" = Fw'™ ' ¢))

with 8 € (0,1) a momentum parameter and ¢; ~ P,. Note that d' is actually a biased estimate of
F(wt; ;) since

Ec,[d'] = F(w') + (1= B)(d"™" = F(w'™)) # F(w') .
By implementing this variance reduction technique for the inner and the outer variables updates, Yang

et al. (2021) and Khanduri et al. (2021) prove that their respective algorithms MRBO and SUSTAIN
achieve a complexity in @(e‘%).

Yang et al. (2021) also propose to use another variance reduction technique called SPIDER (Fang et al.,
2018), or also knows as SARAH (Nguyen et al., 2017). As STORM, this technique is based on a recursive
estimation of the update direction. However, the estimate direction is reset periodically, leading to a
two-loop algorithm. At iteration ¢, the estimate direction d*° is initialized by a full-batch (in case of
finite sums) computation or a large batch estimate of F'(w*?). Then, in an inner loop, the estimate
direction is updated as follows

dPFH = @tk (B (w5 ¢g) — F(w™ 1 Gor))

and the variable w is updated as

whkt! k _pt,kdt,k )

= wt’
This method also achieves a complexity in O(¢3).

In what follows, we explain how the iHVP is approximated in the stochastic AID-based algorithms.

3.2.3 Solving the linear system

As mentioned earlier, the hypergradient given in Equation (3.1) involves the following linear system

ECN]P’g [szg(:ﬂ,y, <)} v = _]EENIP’f [vyf(xu Y; 6)] .

In the stochastic AID-based literature, mainly two methods have been proposed to estimate the solu-
tion of this linear system: one based on Neumann approximations and another based on the reformu-
lation of the linear system resolution as a stochastic optimization problem.

Neumann approximations. A common technique to estimate the iHVP is to leverage the identity

—+o0

AT =1 - A

k=0

that holds for any square matrix A such that ||A|| < 1. Thus, for any y € R% and z € R, we can
express the iHVP V2 g(x,y) "'V f(z,y) as

+oo

V2 g(a,y) Y f(z.y) =1 Z(I—%szg@,y))’“ Vf(z,y)
k=0

where 1 > 0 is a constant such that > ||V, g(z,y)]|.

For a given k > 0, the term (I — [V} g(z,y))" can be estimated by = +Viy9(2.y; ¢;)] where
Cis- -+, Ck—1 are drawn from P,,.
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In the context of bilevel optimization, this technique was first proposed by Ghadimi and Wang (2018)

who suggest the following approximation of [V}, g(z,y)] ~! foriid. samples (1, ..., (, drawn from P,:
p
Hyio = 1Q [[1I = 0V, 9(x,4:¢)] (3.14)
q=1

where 7 € (0, %), @ € N and p is a random variable uniformly distributed in {0,...,Q — 1}. This
g,1
estimation comes with the guarantee in Proposition 3.3.

Proposition 3.3 (Ghadimi and Wang (2018, Lemma 3.2)). Assume that Assumption 3.2 and Assump-
tion 3.3 hold. Let Hy,;, defined in Equation (3.14). Then by takingn < ﬁ, it holds

—1
1[V3y9(z,9)] " = ElHpd| < — (1= pgn)?
g
E[|| [V2 L Hpl] < 2
Hg
where the expectation is taken with respect to p and the random indices i1, . . . ,i,.

Proposition 3.3 shows that the bias of Hy,;, decreases linearly with Q. The estimate’s variance is boun-
ded, but the analysis does not take into account any batch size, preventing a fine control of this vari-
ance.

Ji et al. (2021) proposes with the algorithm stocBiO a modification of Equation (3.14) which involves
matrix-vector multiplications rather than matrix-matrix multiplications and that aims at estimating
[szg(z,y)]fl Vf(z,y). Let Bi,...,Bq be Q batches of samples drawn from P, and B; a batch of
samples drawn from P;. The authors propose the following estimator

Q-1 @
via =1, [ I —nVy,95.(,9)]Vy /5, (2,y) (3.15)
g=—1s=Q—q

where 7 € (0, ﬁ) and Q € N. The estimator vg,;, comes with the following guarantees:
g,

Proposition 3.4 (Ji et al. (2021, Proposition 3)). Suppose that Assumptions 3.3 to 3.5 hold. Letn < ﬁ

and choose the batch size |Bg1—,| = BQ(1 —np,)?~! forq € [Q], where B > W- Then it holds
5 2 o 1 Q+1
[E[vshial = 0(2;9)|” < /7(1 —Nitg)~" Ly
g
A a1 A —npg)*@tRLE, 2L
Eflvsia — (239) 7] € 7o + L
Hglg, 1L o My palByl

On the one hand, as for Proposition 3.3, Proposition 3.4 shows a linear decrease of the bias with respect
to Q. On the other hand, the variance of vy, is upper bounded by a term that decreases linearly with
@, a term that decreases sublinearly with B, and another that decreases sublinearly with the batch
size |Bs|. Consequently, to determine the complexity of stocBiO, the authors assumed batch sizes in
O(e71) to effectively mitigate the variance terms in their final result.

It is important to note that these Neumann approximation-based estimators are inherently cold-star-
ted, meaning we cannot reuse the estimator from the previous outer iteration. Consequently, algo-
rithms employing Neumann approximations must set Q = O(log(¢~!)) to reach an e-stationary so-
lution (see Definition 3.1). In contrast, the following approach, which is based on the optimization
formulation of the inverse Hessian-vector product (iHVP) computation, does not have this limitation.
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Stochastic Gradient Descent. Since the g is assumed to be p,-strongly convex, for fixed » € R%
and y € R%, the Hessian matrix Vf}y g(z,y) is symmetric positive definite. As a consequence, the iHVP
0(x;y) can be cast as the minimization of a quadratic form

1
v 5v V(@ yv+ o Vy f(a,y)

This enables the use of classical optimization algorithms to solve the linear system. In particular,
Arbel and Mairal (2022a) use this formulation to warm-start the linear system solver, removing by
the way the additional factor log(e~!) usually present in the complexity of solvers that use Neumann
iterations (Ji et al., 2021; Chen et al., 2021). By doing so, Arbel and Mairal (2022a) manage to get a
complexity in O(e?), matching, by the way, the complexity of the stochastic gradient descent for non-
convex single-level problems. This technique was also implemented in a one-loop fashion by Li et al.
(2022) who propose to perform only one stochastic gradient step in the linear system.

Grazzi et al. (2023) also propose performing stochastic gradient steps to solve the linear system, ini-
tializing the solver from scratch at each iteration. Consequently, their analysis assume a number a
linear system resolution steps in O(¢) where ¢ is the current outer iteration.

We have seen so far that stochastic AID-based algorithms are the result of mixing some ingredients: the
choice of the inner solver, the choice of the linear system solver, the use or not of variance reduction
techniques, the use of warm-start or not... In Table 3.1, we provide a comprehensive comparison of
stochastic AID-based algorithms.
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Aside from the AID-based methods, other algorithms leveraging automatic differentiation have emer-
ged in the literature. Although this thesis is focused on AID-based methods, we briefly present this
line of work in the next section for completeness.

3.3 Iterative Differentiation

In the hypergradient given Equation (3.1), the Jacobian of y* is computed by leveraging the Implicit
Function Theorem. This method requires solving approximately a potentially large linear system that
involves the Hessian matrix of the inner function. A second line of work considered another class of
method to approximate the Jacobian of y*: the Iterative Differentiation (ITD).

In the bilevel optimization context, ITD was first proposed by Domke (2012) for energy-based mod-
els. ITD-based algorithms consist of differentiating the different steps of an iterative solver that solves
the inner problem. Domke (2012) proposes to apply the backpropagation algorithm to the gradient
descent and or the heavy ball steps to approximate the Jacobian of y*. This idea of differentiating
through optimization steps, also known as "unrolling", is also popular in the inverse problem litera-
ture (Bertocchi et al., 2020; Brauer et al., 2023; Huang et al., 2023; Bonettini et al., 2024).

One drawback of this method is the memory cost of the backpropagation that grows linearly with the
number of steps. One way to circumvent this is to use gradient checkpointing (Hascoet and Araya-
Polo, 2006). It consists in storing only a subset of the iterates and recomputing the other iterates on-
the-fly. Another technique was proposed by Maclaurin et al. (2015) where the authors make the obser-
vation that the algorithm SGD with momentum is reversible. This means that starting from the output
of the algorithm, one can rebuild the optimization path. This allows to apply the backpropagation
algorithm without storing the intermediate iterates. Instead, the intermediate steps are recomputed
on the fly. However, the recomputation of the iterates adds an overhead to the algorithm’s iterations,
making it slower. Shaban et al. (2019) propose to backpropagate only in the K last steps of the inner al-
gorithm. The authors show that the approximation error of the hypergradient decreases exponentially
with K. Bolte et al. (2023) show the efficiency of one-step iterative differentiation (that is, differentiat-
ing only the last optimization step of the inner solver) for superlinear optimization methods.

Several authors also studied the consistency of the approximation of the Jacobian of y* by the se-
quences of Jacobian (dy*);>o where y* is the k-th iterate of an iterative that approximates y*. In
particular, Gilbert (1992) shows that if the sequence (y*);>o is generated by iterating a contracting
operator, then the sequence of the Jacobians (dy*);>o converges towards dy*. Mehmood and Ochs
(2019) show the convergence of the Jacobians for the specific cases of gradient descent and heavy ball
algorithms. Iutzeler et al. (2024) studies the behavior of the Jacobian in the case of stochastic gradient
descent by showing the convergence of the Jacobian when using vanishing step sizes.

Grazzi et al. (2020) derive convergence rates for the estimation of the hypergradient in the AID and the
ITD cases, depending on the number of iterations for the inner algorithm and the algorithm to solve
the linear system (in the case of AID). Ablin et al. (2020) derive convergence rate in the particular case
of min-min problems (thatis f = g).

Scieur et al. (2022) study on quadratic objectives the effect of the choice of the step size for the conver-
gence of the iterates of an optimization algorithm and their Jacobians. They show that large step sizes
lead to fast convergence of the iterates but a long burn-in phase for the Jacobians. On the other hand,
taking small step sizes leads to a slower convergence of the iterates but reduces the burn-in phase.

Arbel and Mairal (2022b) provide a theoretical framework of iterative differentiation when the inner
problem has several solutions, which can occur in non-convex settings. This is done by the introduc-
tion of the concept of selection map, denoted as ¢ : R% x R%, which selects one solution to the inner
problem. One specific instance they discuss is when ¢(z, y) is defined as the limit of the gradient flow
applied to g(z, - ), starting from the point y.
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When the inner function is nonsmooth, the use of iterative differentiation has been proposed by Ochs
et al. (2015, 2016) and the convergence properties of the Jacobians are studied by Bolte et al. (2022).
However, Malézieux et al. (2022) show that the sequence of Jacobians is not always well-behaved, in
particular when the support of the solution is badly estimated.

3.4 Penalty methods

Recently, another line of work studied the reformulation of the bilevel problems as single-level con-
strained optimization problems. This leads to the following formulation

min flzy) st glx,y) <g*(x) . (3.16)
(w,y)ERdz xRy

where g*(r) = min,cga, g(z,y). From this formulation, Kwon et al. (2023a) consider the lagrangian

La(z,y) = f(z,y) + AMg(z,y) — g*(x))

which consists in penalizing the outer function by the violation of g(x,y) being far from ¢*(z). They
propose to apply (stochastic) gradient descent to this lagrangian while increasing the Lagrange multi-
plier A. The particularity of this method is that it does not require second-order information from the
inner function g since, by Danskin’s theorem (Danskin, 1967, Theorem 1), the gradient of ¢* is given by

VQ*(‘r) = ng(:c,y*(a?)) :

The analysis of this kind of method is refined in subsequent papers (Kwon et al., 2023b; Chen et al.,
2023a). Moreover, Kwon et al. (2024) provide a lower complexity bound for bilevel problem resolution
where the algorithm is assumed to access only first-order information of the inner and outer functions
and the solution of the inner problem y* is assumed to be accessed up to a certain precision.

Liu et al. (2023) propose a different approach where the constrained in Problem (3.16) is replaced by a
first-order condition on the inner problem instead of the inner suboptimality gap

min flz,y) st Vyg(z,y)=0. (3.17)
(z,y) ERIz xRy

They also propose to solve Problem (3.17) by seeking a KKT point of the associated Lagrangian.

3.5 Benchmarking bilevel optimization algorithms

3.5.1 Presentation

The previous presentation emphasizes the theoretical guarantees of performance for bilevel optimiza-
tion algorithms. However, it is also important to assess their practical performance to understand the
benefits and limitations of each method, and to reinforce theoretical claims (Sculley et al., 2018). The-
oretical guarantees are often insufficient to predict practical performance for the following reasons:

» Worst-case analysis. The complexities in the literature are worst-case complexities, providing
an upper bound on the computation needed to reach an approximate solution. However, the
worst-case scenario can differ significantly from most practical applications.

» Theoretical guarantees ignore the downstream task. The guarantees we get quantify the ef-
ficiency of an algorithm in solving a bilevel optimization problem. For bilevel problems, this
often means quantifying how effectively an algorithm approaches a stationary point. However,
in practice, the ultimate goal of using bilevel algorithms is not merely to find a stationary point
but to perform a downstream task.
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» Assumptions. Some assumptions used to prove theoretical results may not hold in practice.
For example, the assumption of a constant p, > 0 such that the inner function g(z, -) is strongly
convex for all » € R% can be violated. This occurs, for instance, in the case of Ridge regression
loss in the overparametrized regime, where the inner variable is the model’s parameters and the
outer variable is the regularization parameter.

» Hardware specifications. Theoretical results often ignore the characteristics of the hardware
used to run the algorithms. Depending on the capacity to parallelize computations or manage
memory, the performance of the algorithms can vary significantly.

Bilevel optimization papers provide empirical results on classical tasks such as hyperparameter se-
lection or data cleaning. However, these results often lack reproducibility. The code is frequently
unavailable, or if it is available, its documentation is incomplete. Indeed, ingredients necessary for
a proper reimplementation may be missing, such as important algorithmic details, or hyperparame-
ter choices (Pineau et al., 2019). Additionally, the same algorithm can exhibit varying performances
across different papers for the same task, reducing trust in the empirical results. Moreover, it is impor-
tant for the practitioners to have a clear understanding of which algorithm is best suited for specific
tasks (Bartz-Beielstein et al., 2020). To address these issues, it is crucial to develop and maintain an
up-to-date benchmark for bilevel optimization algorithms.

We have initiated this effort with the bilevel benchmark we have built over the last three years. This
benchmark is constructed using the Python package Benchopt (Moreau et al., 2022). Benchopt is a tool
that enables to easily build and maintain benchmarks of optimization algorithms. The benchmarks
are built in an open, standardized, and collaborative way so that researchers can use it to benchmark
their algorithm, without the burden of reimplementing baseline methods from the literature. The code
of the benchmark is open source and available on GitHub.! It enjoys the classical Benchopt features
such as parallel runs, caching, and automatical results archiving, making its execution easy.

3.5.2 Details on the benchmark

Solver. The benchmark contains fourteen solvers:

» Four stochastic AID-based solvers without variance reduction. AmIGO (Arbel and Mairal,
2022a), stocBiO (Ji et al., 2021), BSA (Ghadimi and Wang, 2018), TTSA (Hong et al., 2023);

» Four stochastic AID-based solvers with variance reduction. MRBO (Yang et al., 2021), VRBO
(Yang et al., 2021), SUSTAIN (Khanduri et al., 2021), FSLA (Li et al., 2022);

» Two penalty-based solvers (one stochastic and one deterministic). BOME (Ye et al., 2022),
F2SA (Kwon et al., 2023a);

» One Hessian-free solver. PZOBO (Sow et al., 2022);

» Two full-batch solvers based on Jaxopt (Blondel et al., 2021). Jaxopt-GD (AID-based), Jaxopt-
ITD (ITD-based);

» Azero-order solver. Optuna (Akiba etal., 2019).

Apart from the Jaxopt and Optuna solvers, all the other were implemented from scratch in Jax (Brad-
bury et al., 2018). This enables the use of the automatic differentiation tools to compute the different
oracles, to leverage the just-in-time compilation of Jax, and the automatic vectorization of functions.

"https://github.com/benchopt/benchmark_bilevel
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Tasks. The benchmark contains four different bilevel problems:

» Quadratic functions. This toy problem aims at having a problem setting where one can con-
trol the different constants of the problem. We consider a setting where the inner and the outer
functions are sums of quadratics.

f(%y)Z%ij(m,yL g(xvy):%zgi(xvy)
=1

The functions f; and g; are defined as

1 1
fi(e,y) = 5y " APy + 52T AP +aBby + () Ty + (dP) T

S G | | |
gi(wy) = Sy Ay + ST AL +aBy + (df) Ty + (d7) Tw

with Aj/, A% € RP*», AD A9 e R4, Bfi B9 € R¥*P, 4}/, d% € R? and dJ’,d% € R The
vectors d?, d¥: are drawn randomly according to a normal distribution N(0, I,;). The vectors d{,cj,
dj* are drawn randomly according to a normal distribution NV (0, I,,). For the Hessian matrices
with respect to y, we generate AJ’ so that S Ag: = Afor a symetric positive definite matrix
A with a given spectrum. To do so, we generate z; ~ N(0, I,) and set A% = VAz;(VAz)T. Wi
proceed similarly for Af ', AY AY. For B9, we want 1 + %", B% = B for a prescribed matrix
B € R¥*? such that with a prescrlbed spectral norm HB||. Let B = UXV'T the singular values
decomposition of B. To get BY%, we generate z; ~ N(0,1,) and set B9 = (VXz;)(Ux;)". We
proceed similarly for B,

» Hyperparameter selection with JCNN1. The IJCNN1 dataset” is a dataset for binary classifi-
cation. It has n = 49,990 training samples, m = 91, 701 validation samples, and p = 22 features.
For this dataset, we want to select a regularization parameter for an ¢2-regularized logistic re-
gression problem where we have one hyperparameter per feature. This leads to the following
outer and inner functions

f(X0) = Zlog1+eXp< Y0, 3))

j 1

(/\ 9 Zlog 1 +6Xp( tra1n<0’ tzzraln Ze)\kQQ

1=1

where the inner variable § € R denotes the model’s parameter and the outer variable A € R?
denotes the hyperparameter.

» Hyperparameter selection with COVTYPE. The COVTYPE dataset ® contains 581,012 samples
with p = 54 features distributed into C' = 7 classes. We fit a multiclass ¢2-regularized logistic
regression with one hyperparameter per feature. The inner and outer functions are defined as

Ze yal val
yal < Ae " 2
Zf )+ D e ) i
c=1 k=1

where § € RP*C is the model’s parameter and A € R is the hyperparameter. We used n =
371,847 training samples, m = 92,962 validation samples, and n.s; = 116, 203 test samples.

https://www.csie.ntu.edu. tw/~cjlin/libsvmtools/datasets/binary.html
Shttps://scikit-learn.org/stable/modules/generated/sklearn.datasets.fetch_covtype.html
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» Datahypercleaning with MNIST. The datacleaning task presented in Section 1.3 is performed
with the MNIST dataset *. The dataset consists of n = 60000 training samples and m = 10000
validation samples au size 28 x 28. The inner and outer functions are defined as

1 - a va.
Flw,0) = —% e}, ™)

where / is the cross-entropy loss and C,. > 0 is a regularization parameter (C,. = 0.2 in our case).
For this task, a proportion p € {0.5,0.7,0.9} of the labels of the training samples are corrupted,
as illustrated in figure 1.6. The labels of the validation and test sets remain unchanged.

Selection of the algorithms’ hyperparameters. The algorithms we consider in our benchmark
come with their own hyperparameters. Depending on the methods, those hyperparameters can in-
clude: the inner or outer step size, the number of inner steps, the momentum parameter... To select
these hyperparameters, we perform an extensive grid search. For each solver and task, we keep the hy-
perparameters that perform the best over the 100 first iterations. This choice of looking at the first it-
eration for curve selection relies on a tradeoff we want between the final performance of the algorithm
and its execution speed. The measure of performance can be the validation accuracy (for the hyper-
parameter selection and data cleaning tasks) or the value of the objective function (for the quadratic
task). Also, for stochastic solvers, we perform 10 runs with different random seeds. Among these 10
runs, it is possible that some of them crash because of numerical instability. In order to guarantee the
robustness of the hyperparameter selected, we select the hyperparameters among those that have not
led to a crash in any of the 10 runs.

Examples of results. In figure 3.4, we provide an example of a performance curve we can get with
the benchmark on quadratics. For this setting, we display the squared norm of the value function ®.
We consider a problem where the inner dimension is 100, and the outer dimension is 10. Moreover, the
inner sum contains n = 8192 functions and the outer sum contains m = 1024 functions. In figure 3.4,
one observes that the slower solver is Optuna. This result is expected because of the dimensionality of
the problem. Additionally, we notice that Hessian-free solvers are slower compared to the AID-based
solvers. Among the stochastic solvers, AMIGO achieves the best final performance, likely because
it is fully warm-started; both the inner and linear system solvers are warm-started. Conversely, the
deterministic solver Jaxopt GD, while slower, reaches a better final value as it avoids getting stuck in a
plateau.

In figure 3.5, we display the performance curves of various solvers on the hyperparameter selection
task using the COVTYPE dataset. It is observed that the deterministic and zero-order solvers are the
slowest compared to the stochastic ones. Moreover, they achieve a higher final test error. The better
performance of the stochastic solvers could be attributed to the non-convexity of the problem and the
stochastic nature of the solver, which may help reach a better solution.

*http://yann.lecun.com/exdb/mnist/
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Figure 3.4: Median of the squared norm of the gradient of the value function ® over 10 runs for the
different solvers on the benchmark on quadratics in function of wall-clock time. The shaded area
corresponds to the performances between the 20% and the 80% percentiles. The inner variable has
a dimension of 100, and the outer variable has a dimension of 10. The solvers in plain lines are the
stochastic solvers, the solvers in dashed lines are the variance-reduced solvers, the solvers in dotted
lines are the Hessian-free solvers, the solvers in dash-dotted lines are the deterministic solvers and the
solver with big dot markers is the zero-order solver.
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Figure 3.5: Median of the test error over 10 runs for the different solvers on the benchmark on hy-
perparameter selection with the COVTYPE dataset in function of wall-clock time. The shaded area
corresponds to the performances between the 20% and the 80% percentiles. The solvers in plain lines
are the stochastic solvers, the solvers in dashed lines are the variance-reduced solvers, the solvers in
dotted lines are the Hessian-free solvers, the solvers in dash-dotted lines are the deterministic solvers
and the solver with big dot markers is the zero-order solver.
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CHAPTER 4

LA FRAMEWORK FOR BILEVEL OPTIMIZATION THAT ENABLES
STOCHASTIC AND GLOBAL VARIANCE REDUCTION ALGORITHMS
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This section presents the work selected for an oral at NeurIPS 2022:

M. Dagréou, P. Ablin, S. Vaiter, and T. Moreau. A framework for bilevel optimization that enables
stochastic and global variance reduction algorithms. In Advances in Neural Information Processing
Systems (NeurIPS), 2022.

Only minor modifications have been made from the original paper: adaptation of the notation, shorter
introduction, relocation of some proofs in the main text, or addition of proof sketch for results with
proof in the appendix (Chapter A) relocation of experimental details in the main text.

4.1 Introduction

In this chapter, we focus on bilevel optimization problem where the inner problem has a single solu-
tion, that is

min ®(z) = f(x,y*(x)), suchthaty*(z) =argming(z,y) , 4.1)
z€R yERY

65
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In the introduction, we have seen that under appropriate hypotheses, the function @ is differentiable
and that its gradient is given for any = € R% by

Ve(z) = Vo f(a,y" () + Viyg(a,y" (@) (@) (4.2)

where v*(z) € R% is the solution of a linear system

v (@) = = (V290 g (@)] ' Vyf(e,y' (@) . 4.3)

In the light of (4.2) and (4.3), it turns out that the derivation of the gradient of ¢ at each iteration is
cumbersome because it involves two subproblems: the resolution of the inner problem to find an
approximation of y*(z) and the resolution of a linear system to find an approximation of v*(x). It
makes the practical implementation of first-order methods like gradient descent for (4.1) challenging.

As is the case in many machine learning problems, we sup-
pose in this chapter that f and g are empirical means: ‘

)= -3 Gy, o= alny) -
j=1 i=1

SABA
=== SOBA

Gradient norm

This structure suggests the use of stochastic methods to
solve (4.1). For single-level problems (that is, classical op-
T T T T T
timization problems where one function should be mini- 0 100 200 300 400
mized), using Stochastic Gradient Descent (SGD; (Robbins Iterations
and Monro, 1951; Bottou, 2010)) and variants is natural _.
s . . . Figure 4.1: Convergence curves of the

because individual gradients are straightforward unbiased

; . : two proposed methods on a toy prob-
estimators of the gradient. In the bilevel framework, we 1o,  SABA is a stochastic method that
want to develop algorithms that make progress on prob- achieves fast convergence on the value
lem (4.1) by using only a few functions f; and g¢; at a time. function.
However, since V& involves the inverse of the Hessian of
g, building such stochastic algorithms is quite challenging,
one of the difficulties being that there is no straightforward unbiased estimator of V. Still, in settings
where m or n are large, where computing even a single evaluation of f or g is extremely expensive,
stochastic methods are the only scalable algorithms.

Variance reduction (Johnson and Zhang, 2013; Defazio et al., 2014; Schmidt et al., 2017; Fang et al.,
2018; Cutkosky and Orabona, 2019) is a popular technique to obtain fast stochastic algorithms. In a
single-level setting, these methods build an approximation of the gradient of the objective function
using only stochastic gradients. Contrary to SGD, the variance of the approximation goes to 0 as the
algorithm progresses, allowing for faster convergence. For instance, the SAGA method (Defazio et al.,
2014) achieves linear convergence if the objective function satisfies a Polyak-Lojasciewicz inequality,
and O(+) convergence rate on smooth non-convex functions (Reddi et al., 2016). The extension of
these methods to bilevel optimization is a natural idea to develop faster algorithms. As we have seen
in Chapter 3, the landscape of variance-reduced algorithms is restricted. Indeed, only the STORM
(Cutkosky and Orabona, 2019) and the SPIDER (Fang et al., 2018) algorithms have been extended to
the bilevel setting by Yang et al. (2021), Khanduri et al. (2021) and Li et al. (2022) for STORM and by
Yang et al. (2021) for SPIDER. This can be explained by the fact that this idea is hard to implement
because it is hard to derive unbiased estimators of V&, let alone variance reduction ones.

Contributions of Chapter 4. In this chapter, we introduce a novel framework for bilevel optimization
in Section 4.2, where the inner variable, the solution of the linear system (4.3) and the outer variable
evolve jointly. The evolution directions are written as sums of derivatives of f; and g¢;, which allows
us to derive simple unbiased stochastic estimators. In this framework, we propose SOBA, an exten-
sion of SGD (subsection 4.2.1), and SABA (subsection 4.2.2), an extension of the variance reduction
algorithm SAGA (Defazio et al., 2014). In Section 4.3, we analyze the convergence of our methods.
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1

SOBA is shown to achieve inf;<7 E[|V®(z*)[|?] = O(log(T)T~2) with decreasing step sizes. We prove
that SABA with fixed step sizes achieves L >/, E[||[V®(z!)||?] = O(}). SABA is therefore, to the best
of our knowledge, the first stochastic bilevel algorithm that matches the convergence rate of gradient
descent on . We also prove that SABA achieves linear convergence under the assumption that ¢ sat-
isfies a Polyak-Lojasciewicz inequality. To the best of our knowledge, SABA is also the first stochastic
bilevel algorithm to feature such a property. Importantly, these rates match the rates of the single-level
counterparts of each algorithm in a non-convex setting (SGD for SOBA and SAGA for SABA). Finally, in
Section 4.4, we provide an extensive benchmark of many stochastic bilevel methods on hyperparam-
eters selection and data hypercleaning, and illustrate the usefulness of our approach.

4.2 Proposed framework

Algorithm 5 General framework

Input: initializations yo € R%, z, € R%, vy € R%, number of iterations T, step size se-

quences ('), and ().

fort=0,...,7T—-1do
Update y: y't! = 4t — p' D!
Update v: v'*t! = vt — p'D! |
Update z: z't! = 2t — 4Dt |
where D}, D}, and D}, are unbiased estimators of the directions D, (y*, v, z"), D, (3, v*,v")
and D, (yt, v, 2%).

end for

In this section, we introduce our framework in which the solution of the inner problem, the solution
of the linear system (4.3), and the outer variable all evolve at the same time, following directions that
are written as a sum of derivatives of f; and g;. We define

Dy(y,v,z) = Vyg(z,y) , 4.4)a
Dy (y,v,2) = Vi, 9(x,y)v + Vy f(z,y) , (4.4)b
Dy(y,v,2) = V2, g(x,y)v+ Vo f (2, y) - (4.4)c

These directions are motivated by the fact that we have V®(z) = D, (y*(x),v*(x), z), with y*(x) the
minimizer of g(z, -) and v*(z) the solution of V2 g(z,y*(x))v = =V, f(x,y*(x)). When z is fixed, we
approximate y* by doing a gradient step on g, following the direction —D,(y,v, ). Finally, when y
and x are fixed, we find v* by following the direction —D, (y, v, z), which corresponds to a gradient
descent on v — (V2 g(z,y)v,v) + (V,f(z,y),v). The rest of the chapter is devoted to the study of
the global dynamics where the three variables y, v and « evolve at the same time, following stochastic
approximations of D, D, and D,. The next proposition motivates the choice of these directions.

Proposition 4.1. Assume that for all z € R, the inner function g(z, -) is strongly convex. If (y,v, ) is
a zero of (Dy, D,, D), theny = y*(x), v = v*(z) and V®(x) = 0.

Proof. Let(y,v,x)azero of (D, D,, D). For D,, this means that V,g(z,y) = 0. Since g(z, - ) is strongly
convex, y is the minimizer of g(z, -), i.e. y = y*(x). The fact that (y, v, z) is a zero of D, implies that
Vv2,9(y,x)v = =V, f(z,y). Replacing y by its value, we get v = — [VZ g(z,y"(2))] - Vyf(z,y*(z))
which is v*(z) by definition. Putting all together and using the expression of V&(x) given by (4.2), we
get

Dy(y, v, @) = Vo f(2,y"(2)) + Vi,g(z, 5" (@)v"(z) = VO(x) .

On the other hand, D, (y,v,z) = 0so V&(z) = 0. O
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We also note that the computation of these directions does not require computing the Hessian ma-
trices V>, g(z,y) and V2, g(z,y): we only need to compute their product with a vector, which can be
computed at a cost similar to that of computing a gradient.

The framework we propose is summarized in Algorithm 5. It consists in following a joint update rule

n (y, v, z) that follows directions Dt D! and D, that are unbiased estimators of D,,, D,,, D,. The first
and most important remark is that Whereas V& cannot be written as a sum over samples the direc-
tions D, D, and D, involve only simple sums, since their expressions are “linear” in f and g¢:

D y,vx Zvygzzy ,

Dy (y, v, ) Zvyygzxyv+ ZV filz,y)

m

D, (y,v,x) = ZViyglmyv—&- ZV fi(z,y)
=1

Itis, therefore, straightforward to derive unbiased estimators of these directions. Li et al. (2022) consid-
ered one particular case of our framework, where the outer direction is estimated by using the STORM
variance reduction technique (see (Cutkosky and Orabona, 2019)). Taking a step back by proposing
the framework summarized in Algorithm 5 opens the way to potential new algorithms that implement
other techniques that exist in stochastic single-level optimization. In what follows, we study two of
them.

4.2.1 Firstexample: the SOBA algorithm

The simplest unbiased estimator is obtained by replacing each mean by one of its terms chosen uni-
formly at random, akin to what is done in classical single-level SGD. We call the resulting algorithm
SOBA (StOchastic Bilevel Algorithm). To do so, we choose two independent random indices i € [n]
and j € [m] uniformly and estimate each term coming from ¢ using g; and each term coming from f
using f;. This gives the unbiased SOBA directions

DZ = V,9:(z",y") , (4.5)a
Dt = v2ygi(mta yt)vt + vyf] (xtv yt) ’ (4.5)b
Dl =V2,gi(z", y" ' + Vo fi(a’, o) 4.5)c

This provides us with a first algorithm, SOBA, where we plug Equations (4.5)a, (4.5)b and (4.5)c in
Algorithm 5. We defer its analysis to the next section. Importantly, we use different step sizes for the
update in (y, v) and for the update in z. We use the same step size in y and in v since the inner problem
and the linear system have similar conditioning, which is that of V; G(z*,y"). The need for a different
step size for the outer and inner problems is clear: both problems can have different conditioning.

An important remark for SOBA is that all the stochastic directions used are computed at the same
point ¢, v* and z! with the same indices (i, j). The update of y, v and z can thus be performed in par-
allel instead of sequentially, benefiting from hardware parallelism. Moreover, this enables the shar-
ing of the computations between the different directions. This is the case in hyperparameters selec-
tion where g;(z,y) = 4;((y,d;)) + %|ly||>, with d; a training sample, and ¢; that measures how good
is the prediction (y,d;). In this setting, we have V,g;(z,y) = (;((y,d;))d; + xy and V2, g;(z,y)v

2! ({y,d;)){v,d;)d;. The prediction (y,d;) can thus be computed only once to obtain both quanti-
ties. For more complicated models, where automatic differentiation is used to compute the different
derivatives and Jacobian-vector products, we can store the computational graph only once to compute
at the same time V,g;(z, y), V3, g:(z,y)v and V3, g;(x,y)v, requiring only one backward pass, thanks
to the R technique (Pearlmutter, 1994). This is explained in detail in Section 2.3.
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Like all single-loop bilevel algorithms, our method updates at the same time the inner and outer vari-
able, avoiding unnecessary optimization of the inner problem when z is far from the optimum.

4.2.2 Global variance reduction with the SABA algorithm

In classical optimization, SGD fails to reach optimal rates because of the variance of the gradient esti-
mator. Variance reduction algorithms aim at reducing this variance, in order to follow directions that
are closer to the true gradient and to achieve superior practical and theoretical convergence.

In our framework, since the directions D, D,, and D, are all written as sums of derivatives of f; and
gi, it is easy to adapt most classical variance reduction algorithms. We focus on the celebrated SAGA
algorithm (Defazio et al., 2014). The extension we propose is called SABA (Stochastic Average Bilevel
Algorithm). The general idea is to replace each sum in the directions D by a sum over a memory,
updating only one term at each iteration. To help the exposition, we denote z = (y, =, v) the vector of
joint variables. Since we have sums over i and over j, we have two memories for each variable: w! for
i € [n] and @ for j € [m], which keep track of the previous values of the variable y.

At each iteration ¢, we draw two random independent indices : € [rn] and j € [m] uniformly and update

the memories. To do so, we put w}*! = 2! and wj;*' = w}, for#’ # i, and @!*' = 2* and w}' = @', for

j" # j. Each sum in the directions D is then approximated using SAGA-like rules: given n functions ¢,
for ¢’ € [n], we define

S10,ult = o) — i) + D gu(wh)

/=1

This is an unbiased estimator of the average of the ¢’s since

B [Sloult] = -7 60 = S dulul) + - 3 du(wh) = = 3 6u(e!)

/=1 =1 =1 i'=1

With a slight abuse of notation, we call V?Jygv the sequence of functions (y — Vf/y 9i(x,y)v)icn and
V2, gv the sequence of functions (y — V2, g;(x,y)v);c[n). We define the SABA directions as

Dy, = S[Vyg,ul; (4.6)a
D}, = S[V2, gv,wl} + S[Vy f, @]} , (4.6)b
D: = S[V3,gv,w]i + S[Vof, @ . (4.6)c

These estimators are unbiased estimators of the directions D,, D,,, and D,. The SABA algorithm cor-
responds to Algorithm 5 where we use Equations (4.6)a (4.6)b and (4.6)c as update directions. When
taking a step size ' = 0 in the outer problem, hereby stopping progress in x, we recover the iterations
of the SAGA algorithm on the inner problem. In practice, the sum in S is computed by doing a rolling
average of the past gradients computed. More precisely, let us denote

1 n
A = — i/ ?/
t n Z ¢74 (w7, ) )
i'=1
the average of the memory at time ¢. To get A;;1, instead of computing the summing all the gradients

stored, which has O(n) computational complexity, we do

1
Ap1 = Ar + g(@(wfﬂ) — ¢i(wy))
which is equivalent mathematically but has O(1) computational complexity.

Moreover, the quantities ¢;(w!) are stored rather than recomputed: the cost of computing the SABA
directions is the same as that of SOBA. It requires an additional memory for the five quantities, of total
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size n x p+ (n +m) x (p + d) floats. Note that we can reduce this load by using larger batch sizes
since in this case, we store average over batches rather than individual gradients. Thus, if b;,, and boyt
are respectively the inner and the outer batch sizes, the memory load is reduced to ny x p + (ny +
mp) X (p x d) with ny, = [3™-] and m;, = [;”-] which are smaller than the number of samples. This
memory load can also be reduced in specific cases, for instance when g and f correspond to linear
models, where the individual gradients and Hessian-vector products are proportional to the samples.
In this case, we only store the proportionality ratio, reducing the memory load to 3n + 2m floats. Like
for SOBA, the computations of the new quantities ¢;(w!"") are done in parallel, thus benefiting from
hardware acceleration and shared computations. Despite this memoryload, using SAGA-like variance
reduction instead of STORM as done by Li et al. (2022), Yang et al. (2021), and Khanduri et al. (2021)
has the advantage of bringing the variance of the estimate directions to zero, enabling faster O(7)
convergence.

In the next section, we show that SABA is fast. It essentially has the same properties as SAGA: despite
being stochastic, it converges with fixed step size and reaches the same rate of convergence as gradient
descent on ®.

4.3 Theoretical analysis

In this section, we provide convergence rates of SOBA and SABA under some classical assumptions.
Note that, unlike most of the stochastic bilevel optimization papers, we work in a finite sample setting
rather than the more general expectation setting. Actually, SABA does not make any sense for func-
tions that don’t have a finite-sum structure. However, we stress that SOBA could be studied in a more
general setting to obtain the same bounds as here. Also, the finite sum setting is still interesting since
doing empirical risk minimization is very common in practice in machine learning. The proofs and
the constants in big-O are deferred in Section A.1.

4.3.1 Background and assumptions
We start by stating some regularity assumptions on the functions f and g.

Assumption 4.1. The function f is twice differentiable. The derivativesV f and V? f are Lipschitz con-
tinuous in (x,y) with respective Lipschitz constants Ly 1 and Ly 5.

Note that the above assumption is typically verified in the machine learning context, e.g., when f is
the ordinary least squares (OLS) loss or the logistic loss.

Assumption 4.2. The function g is three times continuously differentiable on R% x R%. For any x €
R, g(x, -) is pu,-strongly convex. The derivatives Vg, V*g and V3g are Lipschitz continuous in with
respective Lipschitz constants Ly 1, Ly 2 and Ly 3.

Strong convexity and smoothness with respect to y of g are verified when g is a regularized least-
squares/logistic regression with a full rank design matrix when the data is not separable for the lo-
gistic regression. Moreover, the strong convexity ensures the existence and uniqueness of the inner
optimization problem for any z € R%.

Assumption 4.3. There exists Cy > 0 such that for any x we have |V, f(z,y*(z))|| < Cf.

This assumption, combined with the strong convexity of g(z, - ), shows boundedness of v*. This as-
sumption holds, for instance, in the case of hyperparameters selection for a Ridge regression problem.
Note that in Assumptions 4.1 and 4.2, we assume more regularity of f and g than in stochastic bilevel
optimization literature (see for instance Ghadimi and Wang (2018), Hong et al. (2023), Ji et al. (2021)
or Arbel and Mairal (2022a)). It is necessary to get the smoothness of v*, which will allow to adapt
the proof of Chen et al. (2021) and get tight convergence rates. The following lemma gives us some
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smoothness properties of the considered directions that will be useful to derive convergence rates of
our methods.

Lemma 4.1. Under the Assumptions 4.1 to 4.3, there exist constants L,,, L,, and L, such that

2

1Dy (y; v, 2)I* < Lylly = y* ()]
1Dy (y, v, 2)|* < Li(lly — v (@)II* + [lv = v* ()?)
1Dz(y, v,2) = V@(2)* < L(Ily — y" (@) + llo — v*(@)[*) -

Proof. Let (y,v,z) € R% x R% x R%. Using the fact that V, g(x,y*(z)) = 0 and the L, ;-smoothness
of g(z, - ), we have

1Dy (y, v, 2)II” = IVyg(z,y) = Vygla,y" (@)I* < L, lly — y* (@) .

For D,, since V3, g(x,y* (z))v*(x) = =V, f(x,y* (x)), we write

Dol = (V2 9(z, y)v + Vy f(x,y)) — (Vi g(z, y* ()0 (x) + Vy f (2,5 (2)))]]
<|IV3,9(z,y) = Vi, g(z, y* (2)]v* (@) + V3, 9(x, y)[v — v* ()]
+IVyf(z,y) = Vyf(z,y" (@) -

For the first term, we use the Lipschitz continuity of V7, g:

I1V3,9(z,y) — Vi, g(z,y* ()" (@) < Le2lly — v (@)|[[[0*(@)]| .

Since g in y4-strongly convex, V, f(-,y*(-)) is bounded and v*(z) = [V, g(z,y* ()] "'V, f(z,y* (x)),
we have Lo
* * 2V f *
I1¥5,9(,9) = Vi,9(e.y" @) @I < =2y =y @) - 4.7)

g

For the second term, we use the L, ;-smoothness of g(z, - ) and for the third term, we use the Ly ;-
smoothness of f and we finally get

L,sC . .
1Dl < (E225 4 1y )y = @+ Lyl — @)

g
Then, taking L, = fmax( :Cf +LF, L, 1) we get
1Dy, v, )12 < Li(lly =y @)II° + [l — o™ (@)[”) -

For D, (y,v,z) — V®(x) we start by writing

1D (y,v,2) = VO(@)|| < [Vaf(2,y) = Vol (@,y" @) + I Viy9(z,y)v = VZ,g(z,y" (2))0" ()]
<Vaf(2,9) = Vof (@,y" @)l + V29, y)lllv = v*(@)]
+ v @) IV29(z,y) = Vg, y" (@) -

We bound the first term using the fact that V,, f is Ly -Lipschitz continuous. For the second term, the
fact that V2 G is bounded thanks to the Lipschitz continuity of V,g(-,y). For the third term, we use
that V2 g(z, -) is L, »-Lipschitz continuous and the same derivation as Equation (4.7). We finally get

C Ly
1D, - Vo(a)] < (Lf1 "
g

>||y y @)+ L llo = v* (@) -
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Taking L, = /2 max (Lf,l 4 Gilaa Lgyl) yields

Hg
1Dy, v,2) = V()| < L(|ly — y* (@)]|* + [lv — v*()]]?) - (4.8)

O

In first-order optimization, a fundamental assumption on the objective function is the smoothness
assumption. In the case of vanilla gradient descent applied to a function f, it allows to get a conver-
gence rate of |V f(z!)||? in O(1/T), i.e. convergence to a stationary point (Nesterov, 2004). We recall
that the smoothness of @ is provided in Proposition 3.2

As usual with the analysis of stochastic methods, we define the expected norms of the directions V} =
E[|D}|?], Vi = E[||D|?] and V! = E[||D%||?], where the expectation is taken over the past. Thanks
to variance-bias decomposition, they are the sum of the variance of the stochastic direction and the
squared-norm of the unbiased direction. For SOBA, we use classical bounds on variances like those
found for instance by Hong et al. (2023):

E,[|| DL|1?] < B2(1 + || Dy (yt, vt, 2%)||?) whereE, denotes the expectation conditionally to (y',v', z*).

Assumption 4.4. There exist B, and B, such that for allt, E,[||D}||?] < B(1+ ||D,(y",v",2")||*) and

For SOBA and SABA, we need to bound the expected norm of D! . For SABA, this assumption allows to
get the same sample complexity as SAGA for single-level problems.

Assumption 4.5. There exists B, such that for allt, E,[||D.|]?] < B2.

Assumptions 4.4 and 4.5 are verified for instance, if all the g; and V¢, have at most quadratic growth,
and if f has bounded gradients. They are also verified if the iterates remain in a compact set. Note that
we do not assume that g has bounded gradients, as this would contradict its strong convexity. Finally,
for the analysis of SABA, we need regularity on each g; and f;:

Assumption 4.6. Foralli € [n] and j € [m], the functions Vg;, Vf;, V3, g; and V3, g; are Lipschitz
continuous in (z,y).
4.3.2 Fundamental descent lemmas
Our analysis for SOBA and SABA is based on the control of both
. * 2 _ * 2
&y =E[ly" —y*(@")IIP] and &, =E[l" —v*(")]*] .

Strong convexity of g and smoothness of y*(x) and v*(x) allow to obtain the following lemma by adapt-
ing the proof of Chen et al. (2021). In what follows, we drop the dependency of the step sizes p and
in ¢ for clarity.

2 . ugL:  pgL? .
Lemma 4.2. Assume that~y* < min (ﬁ%, 83%71:21) p. We have:

2
PH = 7
5;+1 < (1 - Tg> 5; + QPQV; + ﬁyw’YQVaf + Bym?E[HDw(ytavtvxt)HQ}

2
pi — 5
97 < (1= PG ) 81t BuupBy + 207V BV 4 Bya L BIID ' 0,2 )

8
2 3 8L2 — 1612 . . . .
where By, = Bu. = 3L, Byz = 0 Bow = 5 L, is the maximum between the Lipschitz constants
“ g g
of y* and v* (see Lemma A.1), B,, = M%(Lﬁlug + Lg2)? Ly, and L., are respectively the smoothness
g

constants of y* and v*.

Proof sketch. The detailed proof'is provided in subsection A.1.2.
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Inequality for 6,. We start by expanding the square:

[y =y (@12 = [y =y (@) + ly* (@) =yt ()P
=2yt — gy (2, y (=) -y (ah))

Using the strong convexity of g(z, - ) and the unbiasedness of D}, we bound the first term by
Eflly™ —y* (@) II”] < (1 - puc)dy, + p°EcVy
The second member is bounded using Lipschitz continuity of y*:

Efly* (@) —y*(@")I°] < LIV

For the remaining scalar product, we have
=20y =y (@), y (@) — (@) = =2y’ —y (@), y (@) —y* (2")) — (D, y (@) — Yt ()]

The second term can be bounded using the Cauchy-Schwarz inequality, the Lipschitz-continuity of
y*, and Young inequality:

E[p(D, y*(z") — (@) < ZvE+ L2 vE

For —2(yt —y*(zt), y* (x'*1) —y*(z*)), we follow the proof of Chen et al. (2021) which consists in making
appear the "unbiased part of y* (z!*!) — y*(2!) by a linear approximation. More precisely, we have

W' =y @),y (@) —y (@) = ' —y* (@), dy" (@") (@ — "))
A
(' =y @),y (') —y*(@') — dy"(a") (""" —a")) .
B

For A, we use the unbiasedness of D!, Cauchy-Schwarz inequality, the Lipschitz continuity of y*
(Lemma A.1) and the identity ab < na® + % for a suitable choice of > 0:

—2E[A] = —2E[(y’ -y ("), dy" (2") Du(y", 0", 2"))]
< 2LAE[lly" =y (@)1 Da(y", 0", 2]

8L3 ~2
—E[||D.(y", 0", a)[?]
G P

PHG ¢

For B, we use Cauchy-Schwarz inequality, the smoothness of y* (Lemma A.2), Young inequality and
the boundedness of E,[|| D! ||?] to get

—2E[B] < 2E[[ly" — y* (")l ly* (z"*") — y* (") — dy* (=") (=" — 2")|]
< Ly E[lly" — y* (") ||l — 2*||?)
L
< Ly VE[|ly" — y*(@)]P[la" — 2] + %E[th“ —z'|)?]
L;,B2v?

< 12

*

5y + L2°VE .

Putting all together yields the final result
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Inequality for §,. The proof for J, is similar to the one for §,. The difference leans on the fact that
we have to take care of the difference between v*(z*; y*) and v*(z*). This difference is controlled by 4!,
which explains the appearance of this term in the final inequality. O

We insist that this result is obtained in general for Algorithm 5 with arbitrary unbiased directions. We
can, therefore, invoke this lemma for the analysis of both SOBA and SABA.

We use the smoothness of ¢ to get the following lemma, which is similar to (Chen et al., 2021, Lemma
1).

Lemma4.3. Let &' = E[®(2?)] and g' = E[||V®(2!)|?]. We have

L
't <@ — Lot~ TR(ID, (ot a2 + JIAE +6L) + V) 4.9)

Proof. We use smoothness of ¢ to get

L
B(2'1) < B(a') — DL, V(a")) + 47| DL

Then, we take the expectation conditionally to the past iterate and use the unbiasedness of D! to
obtain

E[®(a1)] < @(2") = 9(Da(y', 0", 2"), V(")) + LWQ]EtHIDt ]
< P(a') - %(HV(I)(mt)HQ +IDa(y", v 2)|? = [[VR(a") = Daly', o', 2") )

Ly
+ T’YzEt[HDin]

where the last inequality comes from the identity (a,b) = £ (||al|* + [|b]|* — ||a — b]|)2. We take the total
expectation and use the previous Lemma 4.1 to get

yL2 L
2”” (6 +0L) + =22V (4.10)

O+ < @' — o' — JE[ID.(y', 0" 0")|?) + ;

O

Ify' = y*(2), v = v*(z"), that is §,, 6, both cancel and D, (y*, v', 2') = V®(z'), we get an inequality
reminiscent of the smoothness inequality for SGD on ®.

4.3.3 Analysis of SOBA

The analysis of SOBA is based on Lemmas 4.2 and 4.3. We have the following theorem, with fixed step
sizes depending on the number of iterations:

Theorem 4.1 (Convergence of SOBA, fixed step size). Fix an iteration T > 1 and assume that Assump-
tions 4.1 to 4.5 hold. We consider fixed steps p* = % and~t = £pt withp and € precised in the appendix.

Let (z');>1 the sequence of outer iterates for SOBA. Then,

’ﬂ \

T
Z [IV®(z?)|?] = O(T %) .

As opposed to Hong et al. (2023), we do not need that the ratio £ 2 goes to 0, which allows getting a
complexity (that is, the number of calls to oracles to have an e- statlonary solution) in O(e~2) better
than the O(e~ %) they have. Also, note that this rate is the same as the one of SGD for non-convex
single-level problems.
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Proof sketch. The detailed proofis provided in subsection A.1.3.
The proof is a Lyapunov analysis. We consider the following Lyapunov function
L' =" + ¢,0, + ¢,0L, (4.11)

where ¢, and ¢, are positive constants to be chosen. For SOBA, the inequalities in Lemma 4.2 take the
following form for small enough step sizes

2

PH = v
5 < (1= 55) 0, 4+ 20 B + 50" BE 4 B BIIDA(y' o' ) (4.12)
60 < (1= 229) 504 280,08, + 207 B2 + Buan® B2 + B ElIDL (' o', F) . (413)

Let¢), = ¢, 1 and ¢, = ¢, 7. From Lemma 4.3 and using Equations (4.12) and (4.13) with small enough
constants ¢, ¢, v and p yields

Ly
‘Ct+1 - ‘Ct ; K + 7B2 (Q%Byz + (b;ﬂvz) Bipﬂy + 2 (Qb; ¢1) v) % (414)
Then, summing and telescoping yields the result. O

We obtain a similar rate using decreasing step sizes:

Theorem 4.2 (Convergence of SOBA, decreasing step size). Assume that Assumptions 4.1 to 4.5 hold.
We consider steps p' = pt—= and~"' = £p. Let ' the sequence of outer iterates for SOBA. Then,

inf B[|Ve(2)|[*) = O(log(T)T~%) .

Proof sketch. The detailed proofis provided in subsection A.1.4.
With the Lyapunov function given by Equation (4.11), Equation (4.14) is still valid for suitable choices
of the different constants.

We lower bound 3"/, 7'g* by inf;e () g'y" and we upper bound S (4")2 by C(1 + log(T)) for some
constant C' > 0.

Then, summing and rearranging Equation (4.14) and using the previous bounds give the result. O
As for SGD, SOBA suffers from the need of decreasing step sizes to get actual convergence because of
the variance of the estimation on each directions.

On the other hand, the analysis of SABA leverages the dynamic of all three variables, resulting in fast
convergence with fixed step sizes.

4.3.4 SABA: a stochastic method with optimal rates

In what follows, we denote N = n + m the total number of samples. The following theorem shows
the O(N3T—1) convergence for the SABA algorithm in the general case where we only assume smooth-
ness of ®. Our analysis of SABA is inspired by the analysis of single-level SAGA by Reddi et al. (2016).

Theorem 4.3 (Convergence of SABA, smooth case). Assume that Assumptions 4.1 to 4.3 and 4.5 to 4.6
hold. We suppose p = o’ N=% and~ = ¢p, where p' and & depend only on f and g and are specified in
appendix. Let z' the iterates of SABA. Then,

Z Ve (x :o(N%T—l)

=l
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Proof sketch. The detailed proofis provided in subsection A.1.5.

In short, the main difference with the SOBA proof is that we have to control the variance of the es-
timate of the directions D!, D! and D.. This is done by controlling the distance from the memory to
the current variables. We denote for indices i € [n] and j € [m] we denote (y;, v}, z}) and (y}, v/, z})
the memories for each variable corresponding respectively to calls to g and f. We define

1 n
=EZEHIy vil), B = ZEIIU v %], ZEIIw ;]
By = o LB ) B = SR B = DS Rl )

These quantify the error between the iterates and their respective memories. We show in Lemma A.5
that we have the inequality

1
B, < (1 - > E! + pE[| DL?) + 2np%E[| D, (3, ", a") |

and similar inequalities for £}, E%, E//, £,/ and E}.

In a second step, we prove in Lemma A.6 the control of the variance by the memory error and the
quantities ¢; and ,:

)12 2t t
E[|D!|?] < 226" + 2L S" |
t)12 2 t t t
E[|Dy[I*] < 2(Ly + Ly)(8y, +8,) + 2L, S"
E[| D 1”] < 2E[[| Do (y*, o', 2")[I”] + 2L5 (6, + 8,,) + 2L, S*

where S* = E! + E! + E. + E;' + E}} + Eand L,, L, L;), L., L, L}, L., L/, are constants.

From the previous inequalities, we derive a control on the sum of the memory errors S*

r
St < (1 - 2) S' 4 Bayp 6y + Bswp® + PYE[|| Do (y', 0", 2)|1%] (4.15)

Then, the control of the variances enables us to get a modified version of the descent lemmas 4.2 and
4.3

2
PH 5
5zt/+1 < (1 B ?g) 5; + QLZﬂyx’Yzcgt + 5Lyp25t + QBym;E[”Dz(yt; ”taxt)HQ] ) (4.16)
2
5t < (1 - %) + 3Buypdy, + 5L,p°S" + 2%11E[||Dz(yt, ot 2|7 4.17)
P <o - %gt - %E[IIDm(yt,vt,xt)ll |+ L3y (0, +6,) + Lo Liy*S" (4.18)

Finally, we define the Lyapunov function
L' ="+ ¢ 5"+ ¢y0, + ¢,

We use Equations (4.15) to (4.18) to upper bound £'*! in function of the quantities S, ¢!, o¢, ®*, g
and E[|| D, (v, v*, #%)||?]. Then, we show that under appropriate choices of step sizes and constants ¢,
¢y, ¢, We have
Ll _pt o Dot
= 29

Finally, summing, telescoping and rearranging yield the result. O
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Note that the step sizes are constant with respect to the time, but they scale with N~%. As a conse-
quence, the sample complexity is O(N i¢1) which is analogous to the one of SAGA for non-convex
single-level problems (Reddi et al., 2016). This is better than the sample complexity of Algorithm 5
with full batch directions, which is O(Ne~!). Hence, with SABA, we get the best of both worlds: the
stochasticity makes the scaling in N of the sample complexity going from N in full batch mode to N %
for SABA, and the variance reduction makes the scaling in ¢ goes from ¢~2 for SOBA to ¢! for SABA.
Our experiments in Section 4.4 confirm this gain.

Furthermore, if we assume that ¢ satisfies a Polyak-Lojasiewicz (PL) inequality, we recover linear con-
vergence. Recall that ® has the PL property if there exists g > 0 such that for all z € R%,

LIV |? > po(@(a) @)

with &* the minimum of ®.

Theorem 4.4 (Convergence of SABA, PL case). Assume that ¢ satisfies the PL inequality and that As-
sumptions 4.1 to 4.3 and 4.5 to 4.6 hold. We supposep = p' N3 and~ = £/ N~*, where p' and ¢ depend
only on f and g and are specified in appendix. Let ' the iterates of SABA and ¢’ £ min (pe, 1557) With
P’ specified in the appendix. Then,

E[®7] - ®* = (1 — /v)T(?° — &* + C°)

where C° is a constant specified in appendix that depends on the initialization of y, v, x and memory.
Proof sketch. The detailed proofis provided in subsection A.1.6.
The proof is similar to that of the previous theorem: we find coefficients ¢,, ¢, ¢, such that

LN =B + ¢S + ¢y0) + du0L,

satisfies the inequality
L < (1 -dyLt,

which is then unrolled.

O

Note that in the case where we initialize y and v with y° = y*(2°), v = v*(2"), and the memories w? =

w?, 11;? = w" for all 4, j, the constant C° cancels and the bound simplifies to

E[@(z")] - " < (1 - 7)"(2(a”) - @) .

Just like classical variance reduction methods in single-level optimization, this theorem shows that
our method achieves linear convergence under PL assumption on the value function. To the best of
our knowledge, our method is the first stochastic bilevel optimization method that enjoys such prop-
erty. We note that the PL hypothesis is more general than u¢-strong convexity of ® - it is a necessary
condition for strong convexity.

We see here the importance of global variance reduction. Indeed, using variance reduction only on y
and SGD on z would lead to sub-linear convergence in x. This would be the case even with a perfect
estimation of y*(z). Similarly, using variance reduction only on 2 and SGD on y would lead to sub-
linear convergence in y, and hence in «. Using global variance reduction with respect to each variable,
as we propose here, is the only way to achieve linear convergence. We now turn to experiments, where
we find that our method is also promising from a practical point of view.
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4.4 Experiments

Here we compare the performances of SOBA and SABA with competitor methods on different tasks.

The different methods being compared are stocBiO (Ji et al., 2021), AmiGO (Arbel and Mairal, 2022a),
FSLA (Li et al., 2022), MRBO (Yang et al., 2021), TTSA (Hong et al., 2023), BSA (Ghadimi and Wang,
2018) and SUSTAIN (Khanduri et al., 2021). !

4.4.1 Hyperparameters selection

The first task we perform is hyperparameters selection to choose regularization parameters on ¢ lo-
gistic regression. Let us denote ((df™", y#2i)), o, and ((d}*, y7*!))1<i<m the training and the valida-
tion sets. In this case, the inner variable 6 corresponds to the parameters of the model, and the outer
variable ) to the regularization. The functions f and g of the problem (4.1) are the logistic loss, with ¢>
penalty for g, that is to say

m

0 = =3 oy, 0))

i=1
and

S ain rain 1 .
g0 0) = = @@ 0) + 5 Y Mo
i=1 k=1

S|

where p(u) = log(1+e~%). We fit a binary classification model on the IJCNN1” dataset. Here, n = 49 990,
m = 91 701 and p = 22. Note that the parametrization in e* of the penalty instead of A can be surprising
at first glance, but it is classical in the bilevel optimization literature (Pedregosa, 2016; Ji et al., 2021;
Grazzi et al., 2021) because it avoids positivity constraints on A.

The suboptimality gap is plotted in figure 4.2 for each method. The lowest values are reached by SABA.
Moreover, SABA is the only single-loop method that reaches a suboptimality below 10~3. SOBA reaches
a quite high final value but slightly better than TTSA and FSLA. The gap between SOBA and SABA
highlights the benefits of variance reduction: it gives us a lower plateau and the fixed step sizes enable
faster convergence.

R

N Ny — = «+=' MRBO StocBiO

BTN N SUSTAIN BSA

| 1072 4 — N T et

— g S ettt s TTSA SABA

B - \ FSLA m— SOBA
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Figure 4.2: Comparison of SOBA and SABA with other stochastic bilevel optimization methods. For
each algorithm, we plot the median performance over 10 runs. The shaded area corresponds to the
performances between the 20% and the 80% percentiles. We observe that SABA achieves the best
performance. The dashed lines are for one-loop competitor methods, the dotted lines are for two-
loop methods, and the solid lines are the proposed methods.

4.4.2 Datahypercleaning

The second task we perform is data hypercleaning introduced by Franceschi et al. (2017) on the MNIST?
dataset. The data is patitioned into a training set (d{**, y{™in), a validation set (d}*!, "), and a test

'The code of the benchmark is available at https://github.com/benchopt/benchmark_bilevel and the

results are displayed in https://benchopt.github.io/results/benchmark_bilevel.html.
https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/binary.html
$http://yann.lecun.com/exdb/mnist/
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set. The training set contains 20000 samples, the validation set 5000 samples and the test set 10000
samples. The targets y take values in {0, ...,9} and the samples x are in dimension 784. Each sample
in the training set is corrupted with probability p: a sample is corrupted when we replace its label y;
by a random label in {0, ...,9}. Samples in the validation and test sets are not corrupted. The goal of
datacleaning is to train a multinomial logistic regression on the train set and learn a weight per train-
ing sample, that should go to 0 for corrupted samples. This is formalized by the bilevel optimization
problem (4.1) with

m

1
AO) = —> L0d, y
FO0) = 5 Ko )
and
1< ; :
)\70 _ >\z / edt_raln’ train Cr 0 2
fx.0) n;U( Od;™, y;"™") + Cr |6
where ¢ is the cross entropy loss and ¢ is the sigmoid function. The inner variable ¢ is a matrix of size
10 x 784, and the outer variable ) is a vector in dimension 7n,,i, = 20000.
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Figure 4.3: Datacleaning experiment, with different corruption probability (higher means that more
data are contaminated). For each plot, we report the median test error over 10 runs. The shaded area
corresponds to the performance between the 20% and the 80% percentiles.

For the estimated parameters ¢ during optimization, we report in figure 4.3 the test error, i.e., the
percent of wrong predictions on the testing data. We use for this experiment a corruption probability
p € {0.5,0.7,0.9}. In general, the error decreases quickly until it reaches a final value. We observe that
our method SABA outperforms all the other methods by reaching faster its smallest error, which is
smaller than the ones of the other methods. For SOBA, it reaches a lower final error than stocBiO and
BSA. Overall, we find that among all methods, even those that implement variance reduction (that is
FSLA, MRBO, SUSTAIN, SABA), SABA is the one that demonstrates the best empirical performance.

4.4.3 Implementation details

All the experiments are performed with Python, using the package Benchopt (Moreau et al., 2022) and
Numba (Lam et al., 2015) for fast implementation of stochastic methods. For each problem, we use
oracles for a function given function f that (f(z,y), V, f(z,2), V2, f(z,y)v, V3, f(z,y)v) avoiding du-
plicate computation of intermediate results for these quantities.

We find that using mini-batches instead of individual samples to compute the stochastic estimates
allowed for much faster computations, thanks to hardware acceleration and vectorization of the com-
putations. We use continuous batches to avoid random memory access that slows down the compu-
tations. Concretely, if i, is the index of the current batch and B is the batch size, the indices of the
corresponding samples are those in the set {i, x B, ..., (i, + 1) x B — 1}. By doing so, the samples
in the same batch are contiguous in memory, which facilitates access. We use a batch size of 64 in all
experiments.
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For the methods involving an inner loop (stocBiO, BSA, AmIGO), we perform 10 inner steps at each
outer iteration as proposed in the papers which introduced these methods. For the approximate Hes-
sian vector product, we perform 10 steps per outer iteration for each methods using HIA (BSA, TTSA,
SUSTAIN), SHIA (MRBO, stocBiO) or SGD (AmIGO) for the inversion of the linear system.

For the step sizes, they all have the form p' = a/t* and v = 3/t°. For the pair of exponents (a, b), we
choose the theoretical one from the original papers, that is (1/2,1/2) for BSA and FSLA, (1/3,1/3) for
MRBO and SUSTAIN, (0, 0) for SABA, AmIGO and stocBiO, (2/5, 3/5) for TTSA and SOBA. For («, ), we
perform a grid search, and we keep for each method, the pair («, ) that gives the lowest value of ® (for
the hyperparameters) or the lowest test error (for the data cleaning task) in median over 10 runs for
each possible pair. When we use HIA or SHIA for the Hessian inversion, we set 77 = « since the Hessian
inversion problem has the same conditioning as the inner optimization problem. For the STORM’s
momentum parameter in MRBO and SUSTAIN, we take 0.5/t%/3.

For the grid search of the hyperparameter selection experiment, we search « in a set of 9 values be-
tween 2~° and 23 spaced on a log scale. For 3, we choose r in a set of 7 values between 10~2 and 10
spaced on a logarithmic scale and we set 3 = <. For this experiment, we use Just-In-Time (JIT) compi-
lation thanks to the package Numba (Lam et al., 2015), to decrease the python overhead in the iteration
loop. To evaluate the value function ®, we use L-BFGS (Liu and Nocedal, 1989) to solve compute y*(z?)
and then evaluate the function ®(zt) = f(a?, y*(a?)).

For the datacleaning experiment, the parameter « is picked in a set of 11 numbers between 10~2 and
100 spaced on a logarithmic scale. For 3, we choose r in a set of 11 values between 10~° and 1 spaced
on alogarithmic scale and we set 5 = <. For the regularization parameter C,., we choose C,. = 0.2 after
amanual search in order to get the best final test accuracy. Note that in this case, we could not use JIT
from Numba since at the moment of the experiment, the softmax function coming from Scipy was not
compatible with Numba.

4.5 Conclusion

In this chapter, we have presented a framework for bilevel optimization that enables the straightfor-
ward development of stochastic algorithms. The gist of our framework is that the directions in Equa-
tions (4.4)a, (4.4)b, and (4.4)c are all written as simple sums of sample derivatives. We leveraged this
fact to propose SOBA, an extension of SGD to our framework, and SABA, an extension of SAGA to our
framework, which both achieve similar convergence rates as their single-level counterparts. Finally,
we think that our framework opens a large panel of potential methods for stochastic bilevel optimiza-
tion involving techniques of extrapolation, variance reduction, momentum, and so on.



cHAPTER A

LAPPENDIX TO A FRAMEWORK FOR BILEVEL OPTIMIZATION THAT
ENABLES STOCHASTIC AND GLOBAL VARIANCE REDUCTION
ALGORITHMS

Section A.1 contains the proofs of the analysis of SOBA and SABA that are not include in the main
text. Section A.2 provides convergence rates of SOBA and SABA algorithms if we only assume that the
outer function f is differentiable and smooth (instead of twice differentiable with Lipschitz continuous
Hessians and gradients) and the inner function g is twice differentiable with Lipschitz continuous
derivatives (instead of three times differentiable).

A.1 Proofs

A.1.1 Lemmas on the regularity of y* and v*

We start by showing the Lipschitz continuity of y* and v*.

LemmaA.1. There exists a constant L, > 0 such that for any x1,z» € R% we have

1y (21) = y* (@) || < Lullay — wafl, o™ (21) — o™ (22)[| < Lulz1 — 22

Proof. Letx € R%. The Jacobian of y* is given by dy*(z) = [V}, g(z,y*(2))] ' V2,9(z, y*(x)). Thanks
to the y,-strong convexity of g and the fact that V3, G is bounded, we have ||dy* (z)| < Lor Thus, y*

- Hg
is Lipschitz continuous.
For ||v*(z1) — v*(x2)]|, we start from the definition v*:
[0" (21) = v* (z2)l| = [V 9(21,y™ (@) 7'V flzr,y" (21)) = [Vi,9(22, y" (22))] 7'V f (22, 4" (22))]

< [(IV5y9(zr,y (@)1 = [V, 9(@e,y™ (22))] 7 Vy fzr,y" (21))]
V9@, v (@2))] 7 (Vy fa2,y™ (22)) = Vi f (21,57 (20)))]] -

For the first term, we use that for any invertible matrix A and B we have A~! — B~! = A=1(B—- A)B~!
to get

81



A.1. Proofs 82

V59, y™ (@)™ = Vi (@, v (22))] 7| = [[V5y9(n, v (x0))] ™ (Vi 9(2, 5" (22))] -
Vo9, y" (@) [V, g(z2, 4" (22))] 7'

1 * *
Ellvf,yg(an,y (21)) = Vo, g(z2,y" (x2)) |
g

IA

L2 . .
< :2 ||(I1,y (1’1)) - (y (1’2)71:2)”
g
Lgo .
=y (1) = y* (@) | + [lz1 — 2]
Hg

L L
< 9.2 l:l + g,l:l ||331 — Z‘QH .
Hg

IN

_Ng

And then, since V,, f(-,y*(-)) is bounded:

I((9201,0" )™ = (gt ()] oy o)) < S22 [1 n Lﬂ] a1 — ]

For the second term, the strong convexity of ¢( -, ) and the fact that V, f is Lipschitz continuous lead
to

11V 592,y (22))] 7 (Vy fa2, 4" (22)) = Vy f (21,5 (21)))] < Mlglvyf(m, y*(22)) = Vy [z, 5" (21))]

L * *
< L (w1,y7 (01)) — (0" (22), 22)
HE
Liiy .
< —=[lly"(@1) = y* (@)l + [ler — 2]
Hg
L L
< bt I3 I:l + g71:| ||LL’1 — 5(12” .
Hg Hg
Then we get
L L L L
ot ) — v () < | D202 fyy Zo ) Daafy g Loy, )
2
Hg Hg g Hg
We conclude by setting
L L L L L
L*maX< 51 Orlyz {IJF g,l} L L {1+ gJD
Hg Hg Hg Hg Hg

In what follows, we denote by E,[ - ] the expectation conditionally on ¢¢, v and z*.
We have the smoothness property of y* provided in (Chen et al., 2021, Lemma 2).

Lemma A.2. Under the Assumptions 4.1, 4.2 and 4.3, the functiony* : R% — R% is L,,.-smooth with

Lga(1+ Ly) n Lg1Lgo(1+ Ly)

L =
Hg u?;

yr

We establish the same result for v*. To this, we need more regularity on g and f.

Lemma A.3. The function v* : R% — R is differentiable and its differential is defined for any x, ¢ €
R by:

dv*(2).e = [V, 9(z,y" ()] 7 [V, (2, y" (2))dy* (2).e + Vi, f (2,57 (2)).€] (A.1)

— V2, 9z, y* ()] T (VD 9(z, v (2))|dy* (x).€) + (V5,.9(z, v (2))]€)]
X [V2,9(z,y*(2))] 7'V f(z, 4" (2))
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where for any z, o € R% and x € R%, (V3 g(x,y)|o) € R > is defined by

(vgyyg T,y |a [E )Oék‘|
8yl8yjo7yk 1<i,j<d
and for any 8 € R%, (V3 g(x,y)|B) € R¥*% is defined by

p 839
3 B Py
(Vyng(xa y) |ﬁ) = |J§_1 3yi5yj8xk (Z, .Z‘),B;;|

1<i,j<d,

Moreover, dv* is L, -Lipschitz continuous.

Proof. Letz,e € R% . Using the differentiability of Vfw 9, V, f and of the matrix inversion, we have

vz +e) = [Vig(y*(z+ ), 2+ )]V, fy*(x +e),¢)

= [Vi,9(z,y" () + (Vi,,9(z,y" (@)|dy* (x).€) + (V5,.9(z,y* (2))|e) + of[|e])] "

X (Vyf(z,y* () + Vi, f(z,y" (2))dy*(x).e + V2, f(z, 4" (x))e + o([e])))
{[Vng(x y* ()"

=\ yyg 2,y ()] (VS 9 (z, v (2)|dy* (2).€) + (Vi ,e9(z, y*(2))]€)]
x[V5,9(x, y* (€)1 + o([|e]])
(V f(rc v (x)) + Vi, f(2,y* (2))dy* (z).e + Vo f (z, 4" (x))e + o([[€])))

=" (x) + [Vi, g9z, y* ()] [V, f(z,y* (2)dy* (x).€ + Vi (2, 5" (z)).€
— Vi, 9(z, v (@) (V yyg(xy (2))|dy* (z).€) + (V3 ,.9(z, v (2)|e)][Vy,9(z, y* ()]

x Vy f(z,y"(z)) + o([[e]])

that proves (A.1). Now, let z, 2/, ¢ € R% with ||¢|| = 1. Let us denote

Az, €) = =[V,9(x,y" ()] (Viyy9(@, v (@))|dy* (2).€) + (Vy a9z, v (@)]e)][Vy,9(, v ()]
and
B(z,€) = Vy, f(z,y"(2))dy" (2).e + Vi, f(z,y"(2))
so that dv*(z).e = [V2,g(x,y* ()] "' B(x,€) + A(x,€)V, f(z,y*(x)). We have
(dv*(z) — dv™(a')).€ = [Vf,yg(l" y*(x))] 'B(w,€) + Az, )V f(z,y" (2))
— [Vi9(@ g ()] 7' B(a' ) — A(a’,e)V, f(2, y* (')
=V yg(ff y* ()] (B(z,€) — B(',€))
+([Viy9(a,y @)™ = V3,90’ y" ()] ) B(', )
+A(fﬂ 6)(Vy (@,y7(2)) = Vy f(2',y"(2)))
+ (A(z, €) — A(a', ) Vy f (', y" (")) -

We can now bound each term using the regularity assumptions on g and f:
11V5y9(z, y* (@) (B(z,€) — B(a',€))|| < ~ (IIV fla,y* (@)dy* (x) = Vi, f(2,y* (@) dy* () |
+ IIV fla,y (@) = Vi fl@',y* (@)])
S (IIV fla,y (@) = Vi, f@',y™ (@) llldy* ()]

+ldy* (@) — dy* (@) 11V, f (2, 5" (")l
+ Lya(ly (@) =y @) + llz = 2'|))

1
< = (LyaLu(1+ L) + Lya Ly + Ly2(1 4 L))z — 2/ -
g9
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For the second term:

(V39 y™ (@)™ = [Vi,9(2, 5" (2"))]

For the third term, we have:

[A(z, €)(Vy f(2,y"(2)) =

And finally, for the forth term:

I(A(z, €) = A(z", ) Vy f(,y" (2) | < CH{]l

Vyf@' g (@) <

B

1 * *
< 7||Vf,y9(x,y (2)) = Vi9(', v (@)|B(", €|

< 2IIVyyg( ,y"(2)) = Vy,9(’,y* (@)

X (Vi f @,y (@) lldy* (@) + V5 f (x,
< (Lg’2 + Lfvl) L* + 1) ||(E _ -T/H .
> ug
Lya(1 + L")

1(Vyy9(z, 5™ (2))|dy™ (2).)

(Voyeg(@,y™ (2))l€)lll|z — ||
(Lf 1+ Lg 2)(1 + L*> ||.’L' _ le .
15

+

(Vg y™ (@)l

y (@)

X [(Vyyy9(x,y* (2))|dy* (2)-€) + (Vye9(z, 5" () e
x [V yyg(:v y* (@)t = [Vi,g(,y* (@)Y
+[Viya(z,y* (@)™ = [V yg(x y* (@)
x [[(V yyyg(x y*(2)|dy*(2).€) + (Vi ya9(z, y"(2))]e) |
x (V3,9 y* @)
+ [V 9y ()] 712
X ([(V5yy9(a,y* (@))|dy* (x).€) = (V5 9(a", y* (2")|dy* (") €) |
1(Vyyaa(@, v (@))|€) = (Vyya9(z’, 5" (@)]e) D}
<c {22Lg,2(:2+ L*) N Lgvg(llt;L )}”xm,”

Thus v* is L,,-smooth with

Lv:c =

49 (Lg2+ Lga)(Ls +1)

Hg
C¢L,3(1+ L*
+ f g,3(2 )+

1y
CyLy2(1+L*)
4 3 .

g9

A.1.2 ProofofLemma4.2

We now provide the proof of Lemma 4.2.

Proof. Inequality for ¢,,.

We start by expanding the square:

t+1

[yt —y* (@] =

g

t+1 y*(xt)HQ 4 Hy*(xt+1

—y (@), y* (@) -y ("))

Iy
_ 2<yt+1

(A.2)
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We study each member, using the unbiasedness of D’ and the ,—strong convexity of g( -, z*):

Eiflly™" —y* ()17 = Eellly” — v (@)I°] — 20E (DL, y" — y*(a"))] + p° B [|| DL 1]
= lly" — y*(@")? = 20(Vyg(a', "), " — y* (=) + p°Be[|D}|1°]
< (1= ppg)lly" —y* (a)I” + p°Ee[|| D} 7] -

Taking the total expectation yields

Ellly™" =y (@")II”) < (1 = prg)dy, + 0V, -
The second member is bounded using Lipschitz continuity of y*:

Eflly* (") = y* (@")|] < LIE[Ja" ! —&'|*] = L2V}

For the remaining scalar product, we have
=20y —yt @),y (@) Yt (@h) = =2 -y @),y (@ )~y (@) — p(DLyt (@) — y ()]

The second term can be bounded using the Cauchy-Schwarz inequality, the Lipschitz-continuity of
y*, and the Young inequality:

Elp(D%,y" (") — y* (@))] < Elp| DL [ly* (") — ™ (2")]]
< pLE[|| DL 2+ = 2]

2 2
p Ly 4 ,
<Vt 7”51@1”rl — z'|?

2 2
Pt 27 1t

For —2(y! —y*(2!), y* (2'™1) —y* («?)), we follow the proof of Chen et al. (2021) which consists in making
appear the "unbiased part of y*(z'*!) — y*(2!) by a linear approximation. More precisely, we have

(' =y ("), y* (@) —y* (2h) = (' =y ("), dy* (a") (2" = 2"))
A
Wy ).y @) ) (e =)
B

For A, we use the unbiasedness of D!, Cauchy-Schwarz inequality, the Lipschitz continuity of y*
(Lemma A.1) and the identity ab < na® + % foranyn > 0:

*

—2E[A] = —2E[(y" — y*(z"), dy* (") D)]
= -NE[(y" —y*(2'),dy* («")E;[D;])]
= —2E[(y" — y* ("), dy" (") Da(y’, 0", "))
< 29E[lly" — y*(«")[lldy* (z") Do (y", v*, 2]
<2LAE[ly" — v (@) Da (', 0, ") ]

<25t %ZED t .t t\|2
< 20, + =5 1Dz (y", 0", 2)17]

CCt
t

We take ) = 222 and we get

8L2
—2E[4] < P45, + ’ 1E[I\D (ot 2t
g
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For B, we use Cauchy-Schwarz inequality, the smoothness of y* (Lemma A.2), Young inequality and
the boundedness of E, [|| D% ||?] to get

—2E[B] < 2E[[ly" - y* (@) [[ly" (") = y"(2") = dy* (2") (=" = 2")]]
< LyoBllly" =y @) [l = 2*||?]

Ly,
< LyavE[ly" =y (@) [P[la" = 2" 7] + == K[l - 2|

* L w72
< Lyovy*Ellly" — y* (") |IPE[| D[] + yTng
L 2
< Lwaiz/nyé; + ﬂvj .
v
We take v = LLy;
L2 BQ 2
—2E[B] < Tét + L2271
Now, using 72 < £ ZQLQ* , we end up with
t+1 Plg - ot 271t 2t*’72 oot V)2

with 8, = 3L and 3, = 8}5} .

Inequality for 0,. We proceed in a similar way for v:

5 S Bt — ot (@) + Eflo" (o) — v (@) 7] - 2Bl — o7 (@), 0 (@) — 0t (@)

For the first term, we have

Ee[llo"™ = v*(@)]?] = [lv" = v* (@")]]* = 20(Du(y’, v",2"), 0" — v (")) + p*Ee[|| D ||°]
Now, using that D, (y*(z"), v*(z"), ") = 0:

(Du(y', 0" 2"),0" —v™(a")) = (Do (y', 0", 2") = Dy (y" ('), 0" (a"), 2"), 0" — v"(a"))
= (Vo' y") (0" —v* (@), 0" —v*(a")
+{(Viyg(a' ") = Vig(y" (2"), 2" (a'), " —v*(a"))
H{(Vyf (') = Vif(y" (a"),2"), 0" — 0™ ("))

2C
> pgllvt —o* (@) — ngllyt —y (@)lv" —v* (")
)

= Lyally' =y (@)l — v (")l
> pgllv" =" @II* = wlly’ =y (@)l — v (")l
L C * * t * 2 *
wherew = Ly, + =42=L. We then use wlly’ —y* (2")]|[[v" —v*(2")[| < 3efo —v*(@)I* + 52y =y (")
with ¢ = 14 to get

1 w?
_<D’U(ytuvt7$t)7vt - U*(xt» < —*/14965 + 7(5; .
2 2ig

We get the overall inequality by taking the total expectation

2
t+1 N Plg\ <t WT oo 27t
E[fo™" —v*(z")[7] < (1—7 )5U+pf2ug5y+p Vy -

We also use Lipschitz on v* to bound the other term

Effo* (@) —v*(2")IIP] < L3V
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As previously, the scalar product is bounded by:

SB[t -0 (1), 0" (@) — 0" ()] = —Ef(e" — o7 (1), 0" (24) — v (a))
— PE(DL, 0" (@) — " ()]

2 2
SE[ly — v (@), v @) — v @] + S+ 2TV

We do similar manipulations pour v*, thanks to Lemma A.3. We have as for z from Lemma A.1 for any

n > 0:
o tw(t AR = B t L3y? toot Y2
E[(v" —v*(2"), dv"(2") (2 ")) < né, + ; E[| Dz (y", 0", 2%)7] -

We take n = 222 and we get

—E[(v" — v*(2'), dv* (2") (2" — 2 pug ! 8L*’y vl
E[( (27), v (2")( Nl < =56, 1P E[|Da(y", v, 2")II°]

Then smoothness of v* for any n > 0 gives us

L,.B%v , L

B[ — " (@), 07 (@) — 0 (@) — do” (@) @ - o)) < T2+ Ry
With v =
2 R2 2
_EK,Ut o v*(xt),v*(xtH) o ’U*((Et) o dv*(xt)(xtH _ $t)>] < L;JI:J?I 2515 L*’Y2Vzt )

*

With the assumption v* < ¢ L2 32 , we get

2 2

t+1 ~ (1 _ Pla | Plyg LyaBa \ o t 21/t o 20, 16L39°

ol < (1 5 Tt L2 Oy + pPBuyly +20°V,) + 3LV, + . — L E[|| Do (3", v, 2%)|?]
162>

< (1= 2E2) 8!+ pBu, 0, + 207V + L2V + ,: E[||Ds (4, o', )] .

g

And finally we have

2
351 < (1= 252) 8Lt By + 207V Buar®VE + B DE(ID 0 a)] | )

2 — 2.2
. 2 16L%y
with 8,y = 35=, By = 3L and §,, = ==

A.1.3 Proofof Theorem 4.1
This section is devoted to the proof of Theorem 4.1 that we recall here.

Theorem 4.1 (Convergence of SOBA, fixed step size). Fix an iteration T > 1 and assume that Assump-
tions 4.1 to 4.5 hold. We consider fixed steps p* = % and~' = Ep withp and ¢ precised in the appendix.

Let (z*):>1 the sequence of outer iterates for SOBA. Then,

T
Z [IVe()|?] = O(T2) .

’ﬂ \
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The values of the different constants are
Hg (b;

1
— min ( 6 Hg Hg Buy

1
r_ I — -
Oy = 85, ¢y = min <8ﬂm’ 3251,1,) » P 11y’ 16L2B2’ 32122’ 12 B2

we [ . (1 1\ L2 1
and € = Zg min |:1’I111'1 (LQ’ LQ> Bizp,mln (¢Lv¢§,) 972
yx vT xT z

Before, one has to adapt our descent lemmas to the case of SOBA.

Lemma A.4. Assume that the step sizes p and vy verify

. Iig tg  Buy o _ . ( pugl:  ppgL?
< and <
p= (16L§B§’ 320252 L%Bg) ’ 7= (4B2L2 ' 8B2L2

zHyx z vz

Then it holds
t+1 PH t 2 2 2p2 | A 72 toot V)2
5y+ < (1 - ?g) 6y +2p By +ﬂya¢7 Ba: +Byz?E[HDx(y U, T )” }
00 < (1= B 6! + 280,08, + 20 B2 + Bray” B2 + B, Bl Doy, v, 2] -
Proof. From Assumption 4.4 and Lemma 4.1, we have
Vy <BJ(1+ Dy(y' o', 2") < BZ(1+ L35 .

Plugging this into Equation (A.3) and using V! < B? yields

)

o 2
ot < (1= 200 212 B25%) 8L + 20 BY + 5,07 B2 + BW%E[||D$(yt,vt,xt)H2] .

Since by assumption p < 145>, We have
y Yy

2
5y < (1= 552 0,4 207 B 4+ 6,0’ BE 4 B ElIDLy' o' )]

For ¢¢, Assumption 4.3 and Lemma 4.1 provide us

Vi< B*(1+ Lg(a?j +65) .

Since the assumptions of Lemma 4.2 are verified, we can plug the previous inequality into Equa-

tion (A.4) to get

07 < (1= B 4 2L2BLp?) 0L+ (Buyp + 2L B0, + 20° B + B BE + BBl Da(y' o' "))

which can be simplified using p < min (322‘7532, %) to get finally

PH =
677 < (1= B2 6! + 280,08, + 20 B2 + B0y B2 + B, El| Doy, ", 2]

We can now prove Theorem 4.1.

Proof. Consider the Lyapunov function £* = ®* + ¢,d, + ¢,0;. Using the Equations (4.9), (A.3) and

(A.4), we can bound £+! — £t

— 2 — 2
Lt < —ggt - (7 - %Bym% - ¢”B”w7,0> E[|Da(y", v, 2")||’]

L2
- (%l;gp -5 - 2</>vﬁvyp) 0y
(e LT s
(¢v 67 3 v) 0y
Lo 2 2
7 + stﬂyz + ¢vﬁvx BI’Y

2(¢y B + ¢uB2)p” .
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Let ¢, = ¢, and ¢;, = ¢, 7, so that:

£t -t < =29t — (3 - 0)Bur — 9 BM) E[lID. (", o', 2 ]

2 2
s g p” L
- = = =ty — 20,6,
2 2
(PP L\ o
(%167 27)%
L
—i_(2(I> ¢Byz +¢v6vz) 2 2

1 2P 1 2P 2
In order to get a decrease, qbgj, ', p and v must verify

(b/ﬁya: +¢/ﬁvx = 2

2
k) w%’ﬂm < o5 (A.5)
2 RS :Jlfgpy

Let us take ¢, = T and ¢/, = min (% to®y ) We have
yx

88,y 32Bvy
— 1 1
and ) ) )
L p- _ L Wg P
= 20! B, < =z g r

2
If we impose %fy + &y *fg ’; < ¢, % = p , this combined with the third condition in Equation (A.5) gives

2
the condition %72 < min (¢}, ¢},) &2 p2. We also have the conditions coming from the assumptions of
A.4, thatis

16 Hg Hg va
p=p= mm( "16L2B2' 321282 12 (A-6)

and 72 < min (L%ﬂ, L%‘T) ez = p. Let us take p = \j’f with v = £p where ¢ is defined as

§2é min |min L i L. ((;S QS) . (A.7)
L%x’Lgx B% ’ v’ 2L2

IS

From now, we have

L
L - L < —%gt + 5 B+ (6,Bye + 0.Pus) Bipy +2 (0, By + 6, B7) % (A.8)

Summing and telescoping yields

1

T

L

%Z <%+L¢B%+2(¢ Byz + 26,,5uz) Bip + 4 (6, B +¢Bz),p7

t=1

2r! 5 & 2 & 1 2 /2 o

< et LeBl s (8, Bya + 26, %)Bz\f 4(¢yBy+¢va)€2\/T
and so
T
fg °(7)
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A.1.4 ProofofTheorem 4.2

Proof. In the decreasing step size case, we take p! = pv/t and ' = £p* where p is defined in Equa-
tion (A.6) and ¢ is defined in Equation (A.7). We recall the integral majorization:

T T
dott<u +/ t7ldt = 1+ log(T) .
t=1 1

With such definition of p* and ~*, Equation (A.8) is still valid for any ¢ > 1. The only difference is that
the step sizes decrease with t. Hence, by summing and rearranging in Equation (A.8), we get

T
> otgt <2t + <L¢, +2(¢, By + 20, o) Bf% +4(¢, B2+ ¢, B2 63) Z (A.9)
t=1 t=1

The left-hand-side in Equation (A.9) can be lower bounded by

T
tgt > ( inf > 72 > <1nf )T%. (A.10)
tzzlvg_(t i 9 5/)2 > 9" ) ép
Also we have

T
(=€) 17 <1+ log(T)) - (A.1D)

T
t=1 t=1

Plugging Equations (A.10) and (A.11) into Equation (A.9) and rearranging give

. 1\ 1+1log(T)
f gt < L 2 z + 20, By B2 4 'B2) — | —=—~
Jnf ' < +§p< @ +2(8,Bye + 26/, Bua) §+ (6,B; + ¢, v)gs) T
that is to say
1 log(T)
inf t(9<+ )
te[T]g VT vT

A.1.5 ProofofTheorem 4.3

In this section, we prove Theorem 4.3 that we recall here

Theorem 4.3 (Convergence of SABA, smooth case). Assume that Assumptions 4.1 to 4.3 and 4.5 to 4.6
hold. We suppose p = p’N~3 and~ = &p, where p' and ¢ depend only on f and g and are specified in
appendix. Let z* the iterates of SABA. Then,

}éEHW(zW] = o (ntr)

The constants p’ and ¢ are given by
2 5 1 - —
r . K Ko\ * K3\ 7 Kyi\3 Mg ﬁyw Mg va /sz
£ = Iin 5 e 9 o 9 9 9 ) 9
Vi \ K K Ks) ' 64L2° 2B, 128(L2+ L})" 8(L2 + L)’ 2Bus

¢ =min(K1, Ka(p') "2, K3(p') ™%, Ka(p)) ™)

and

where

= —, :min — ’// :ug )’
v 328 ! (32@,@ % 1283,
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Py g o
K — . Yy vI'g
1 (\/32@’ asr2’\ or ﬁyx 2L' ﬂm ’
. Hg Hg ﬁvy

K p—

2 \/ 64&ny;;’\/ 1286,, L7 \/ 4Lgﬁm> ’
Koo | Sote g (LI 1 dyng dpg
57\ 34gu Ly ALy 2LoL" \| 6LoL. 8P’ 325!, 480,

15(¢y L, + ¢ L)
I '

and

K5 =

Control of distance from memory to iterates

We can view our method has having two “parallel” memories for each variable (y!, v}, x!) for i € [n]
corresponding to calls in g and (y}, v}, ) for j € [m] corresponding to calls to f. At each itera-
tion, we sample i at random uniformly and do (y! ™!, vl ™ 2t = (yt, 0t 2t) and (v}, 05 2P =
(v, 0%, xt,) fori’ # i, and similarly for the other memory.

In what follows, we focus on controlling the error between the iterates and the memories. We define
to make things simpler

1 — 1 &
E§,=gZE[IIyt—yEIIQ]7 Ei=gz [llv" — v |1?] ZEIIm %]
=1 =1

and similarly £’', E/* and E’'.

Lemma A.5. We have the following inequalities:

1
By < (1 5 ) B + PEIDY + 20081, ' o )]

B < EY +7°E[| D) + 2097 B]| Day', o', 2P

Eﬁ“s(l )Ewp?EnDthznp E[IDu (4, o', )] .
)

S’\H

[\ DN
- gl

B < (1 o) BL o+ pE[I DY) + 2mpEl Doy o' 2P

(
B < (1o
(

)E T PEIIDY?) + 2mp%El|D, (o, o, )]

and
rt+1
Ef

IN

1
(1 B 2m> L+ E[|DLIP] + 2my Bl Dy o', ) -

Proof. We provide the detailed proof for E}.. The approach for the five others is similar.

Let i € [n]. Taking the expectation of ||y*** — ¢!™!||? conditionaly to y*, v*, 2* yields

n—1
Eeflly™*! -y %) = ﬂft[Ilyt+1 ~y' 7+ TH‘EtHIyt+1 —yil?] -

Then, using the fact that E;[D}] = D, (y*,v", 2"), we have

Eellly™ = wi 7] = Eellly"™™ — o' 1] + lly" — wilI> — 2p(Dy (v, 0", 2"), 4" — i) .



A.1. Proofs 92

We then upper-bound crudely the scalar product by Cauchy-Schwarz and Young inequalities with
parameter /3:

Eellly™ = 1P] < Eellly™ = o' 1P + B IDy (v, 0, )| + (1 + pB)lly" — i l?
As a consequence, by taking the total expectation and summing for all i € [n], we find

ETN < p°E[|DL|1*] + pB~* <1 - i) E[|Dy(y", 0", 2%)[1?] + (1 + pB) (1 - ) El .

Finally, we take 8 = to obtain

1
By < (1= o) By + FEIDIP + 200°BlID, 0 o 0] (a12)

Bounds on the variances
; ; t2 2 2
The following lemma gives us upper-bounds for E[|| D} ||*], E[|| Dy ||*], and E[|| D, ||*].
Lemma A.6. For SABA, there are constants Ly, L, L, > 0 such that
E[|Dy[I1* < 2E[||Dy (y', v, «")II°] + 2L, (E}, + E3)
E[|[Dy [} < 2B[1 Dy (v, o', &) |*) + 2L3, (B, + B + B, + By + ) +2L(5;, + 6y)
and

t2 t t t 2 t t t t t t t
E[||D,|I*] < 2E[|| D.(y", 0%, 2")|°] + 2L (E, + E, + E, + E; + E}/) + 2L (6, + 0,,) .

Proof. For SABA, if we consider i sampled from [r] at iteration ¢, we have
D; = Vygi(ytj;t) — vygz y“ z Z Vygz yZ ,I,/

Hence we get
Ei[|1Dy %] = B[l Vygi(y"s 2*) — Vygi(yi, ) Z Vygir (Y, )

= Vyg(z',y") + Vyg(a', y")|1?]
< 2| Vyg(a", yO)1* + 2B [ Vi (v, 2°) — Vygi yi, ) (A.13)
1 N
+ o Z Vg (Yir, wi) — Vyg(z', y")|1?]
=1

The second term is the variance of V,g;(v*, 2*) — V,g;(y!, z!), which is therefore upper-bounded by

1 n
El[Vygily',2") = Vygi(yi, D)%) = Z IVy9i(y"s2*) = Vygily;, 20

Ll &
s 2yt =yl + e = 2f)1?) (A.14)

i=1

where the inequality comes from the Lipschitz continuity of each V, g; with L, = max;c(,, L, 1.

Then, by plugging (A.14) into (A.13) and taking the total expectation, we get

E[|DyI1* < 2E[||Dy (y*, 0", a")|I*] + 2Ly (E, + Ey) - (A.15)
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Things are quite similar for the other variables, albeit a bit more difficult.

In v, it holds

m

Et[HDZHQ] :Et[”Vyfj(ytvxt) - vyf](yg ) /t + — Z vyf] yj”x./jt’)

+ Viu9iy' 2 = V5,01l vl + Z Vagir (Yl al Yo
/=1

= Dy(y', v, 2") + Dy (y', 0", 2h) |
<2[|| Dy (3", 0", 2" |?

+2Et[Hvny(yta$) v f] yj? j ZV f] yj’? J)

=+ vzygl(yta mt)vt - viygl (yfv ZED’U: + E Z vyg?' (y'f’ ) J?E/)’Uf/
=1

= Dy(y', v, 2")||?]

Here, we see that we need to control the variance of

Vo fi'at) =V fiyf 2f) + Vi,ai (' vt = Vo gi(yl, xh)vl

Since ¢ and j are independent, this is a sum of two independent random variables, hence its variance
is the sum of the variances, which is upper-bounded by

EtH'vyfj(yta'rt)_vyf](y]a _])H }+Et[|‘vyy91(y .13) t_Vngl(yw z) tH ]

For By[||V,, f; (3", &) — V, f; (v}, })||*] we use the lipschitz continuity of the V, f;:
BAIV 50 2') = Vs o] < s Ly | Bl 1P + ot = 1)

1 m
< |max L — 21 4 |2t - 2t?) .
< s ] 5y 300 =P -2

The control of E,[|| V3, g:(y", z*)v" — V2, g:(y}, x%)v!||?] is a bit harder without assuming the boundness
of v beforehand. But, we can bypass the difficulty by introducing V7 g; (y* ("), 2" )v* (z"):

E[[[Vy,0i(y"s 2o’ = Vi gi(yl, af)ofl|”] < 4{E[|IV5, 0 (y", 2") (0" — v*(2")) %]
+ E[|(V3, 9y, ") — Vyygz( *(2"), a"))v* (2]
+ E[[[(V3,9:(y* ("), 2") — ygz yi, xf))o* (2]
+E IV, 9i (v, ) (v (27) — o) |71}

< s L) o = 0" @O+ (s Ly, ) L' = )P
emn K g

¢ ]
+ (Hé?ﬁLgi,z)LTf(th =zl + 2(lly" — y* @)1 + lly* = wil*)
K2 n g

+ (max Lo, 1) (" = 2i]* +2([[v" = o™ (@)|* + [Jv* = v{]*))

Let

C
L) = 4max <2mang 1,2max Lg, o =t mafoJ’>
i€[n] i€[n] Hg JE[ ]

and

L// = 4max <3mang 1), 3HIaXLgl7 )Cf>
i€[n] €[n] Hg
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Taking the total expectation and putting all together yields

E[||Dy1I”] < 2E[|Du(y",v", @) |°] + 2L, (Ey + B, + Ey + Eyf + Eg) + 2Ly (6, + 6 | - (A.16)

In = we have similarly

E[||DL1%] < 2E[|| Dz (3,0, 2)|?] + 2L, (B} + EL + E} + Ef + E) + 2L (6} + 63) | - (A.17)

O
We now form S* = E! + E!, + E! + E]! + E]! + E!, and letting I' = min(-%, 1). Note that by definition,
each quantity £, is smaller than S°*.

We will therefore use the cruder bounds on E[||D!|]?], E[||D}||*] and E[||D.]||?] as follows thanks to
Lemma 4.1 and Lemma A.6

2 2
]E[HD;H ] < 2Ly52 + 2L;St , (A.18)
2 2
E[||Dy]1?] < 2(L7 + Ly)(6, + 4,,) + 2L, S (A.19)
and
E[|| DL|1*] < 2E[|| D, |*] + 2L, S* + 2L} (6, + 6,,) - (A.20)

We have the following lemma

LemmaA.7. If4p*(L, + L)) + 4y*L), < § and 4L}v* < p?(L% + 4LY), it holds

N | H

S+ < (1 - ) S+ Buy®0Y + Buu®0l + PE[| D)

for some Ly, B, P > 0.

Proof. Tt holds following eq. (A.12) (and omitting the dependencies in (3¢, v?, 2*) in the direction for
simplicity)
ST < (1-D) S +E [207(I1Dy 7 + 1D, |?) + 297 D2 |1?

+2(m +n)[p* (|1 Dy||* + [ Doll?) ++*[1Da %] -

Using the previous bounds (A.15), (A.16) and (A.17), we get
S < (1 =T+ 4p*(Ly, + L) + 49°L,) " + (2(m + n) + HE[p* (| Dy |* + |1 Dy [|?)
+ 72| Do ||?] + ALY p* (5% + 68) + ALY~ (8% + %)

Next, using 4p*(L;, + L) + 4v°L/, < § and letting P = (2(m + n) + 4) we get
Tr
S < (1 - 2) '+ PE[p*(IDy|* + 1Do?) + 72| Dal*) + +4L7p* (8, + 6,) + ALY (8, + 6y) -
To finish, we use Lemma 4.1 to get

r
5141 < (1= ) 8 PLA(ES + L8} + L0 + (LU + AL77) 0} + 00) + I D7)

Then, using that 4L/ < p*(L? + 4L/), we get the bound, letting L,, = L2 + L2 + 4L] and Ly, =
L2 + 4L

I
St < <1 _ 2) S* + Boyp?8, + Boup?S, + PPE[]| D)

with 8., = 2PL.,, B = 2P L, m
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Putting it all together

Recall that we denote ¢ = E[||V®(z!)||?] and ®' = E[®(z')]. In the following lemma, we adapt
Lemma 4.2 and Lemma 4.3 to the SABA algorithm.

LemmaA.8. If

p < min Hg 7 Byz 7 Hg 7 By , Bvx
64L§ 2By.  128(L2 + L) 8(L2 + L)’ 2By
and
< min Plig Plig PBoy 1 L2
648, L\ 2L/ Bygj "\ 1288y, L\ ALY By’ 2L’ 61,1 "4Lg’ 2Lo L
then it holds
o5t < (1= 282 o) + 2L B,un?0, + 5L p*S" + 2B CED. 5 o2
Yy - 8 Yy xPyzY Oy yp yT p z\Y U, )
st < _ PHg st st L/ 028! 2 fE Do (b ot 2|12
v — 1 16 u+3/8vyp y—i_5 vp +26u1p H| w(y,’l},l‘)” ]
and

Pl < @t — ; t 71[«:[||D (', 0!, @) %) + L24(8, + 6L) + Lo L,72S" . (A.21)
Proof. We start from Lemma 4.2 and plug the bounds of Equations (A.18) and (A.19).
5Z+1 g (1 _ % + 4L,§p2 + 4Byg:LH’72) 6t 4 2L//ﬁyx,y25t (A.zz)

- 2
(4L, p2 + 2L 5ym’7 )St <2ﬂy172 + ﬁyml) E[||Dm(yt7vtaxt)H2]

Since p < and 72 < P2 we have

64L2 648,, L7’
_P Zg FAL2 P 4 4B, Iy < — % . (A.23)
The condition v? < 5 L, p gives us
AL, p* + 2L Byey® < 5L, p° . (A.24)

With p < B“ ~, we get

72

J— 2 J—
268,07° + Byg% < Py (A.25)

We can plug Equations (A.23), (A.24) and (A.25) into Equation (A.22) and we end up with
2
PH —
0571 < (1= 2%) 8+ 2LByur0, + 508" + 28, L E{ID: (o' o))
The proof for ¢! is quite similar. From Lemma 4.2, Equations (A.19) and (A.20).

o 2
57 (1= PEL) 8L BuupBy & 207V Bucr Vi + Boa - BIID o) )

< (1= L 4 a(L2 + LYP? +4LLBLA? ) 8 + (LS + L) + 2L Buay® + Buyp)F - (A26)

o 2
(4L, + 2L Bon?) S (2ﬂw2 ; 51) E[|Da (4", o', )] -
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Using p < W and % < W’ we get
pgg FA(L2 4 L)p? + AL Bouy? < —%‘7 . (A.27)
With 72 < 45?;311 and p < ﬁ, we have
A(LZ + L))p? + 2L Boa* + Buoyp < 3Buyp - (A.28)
The condition v* < 3 LZ:EW p? yields
AL, p* + 2L Boey? < 5L 0% . (A.29)
With p < % we get
2BveY” + Bya "o 2%12 : (A.30)
P P
As a consequence of Equations (A.26), (A.27), (A.28), (A.29) and (A.30), we have

16
For the inequality on ®¢, we start from Equations (4.9) and (A.20)

o 2
601 < (1= 229 61+ 38,00, + 5LLp2S! + QBW%E[HDx(yt,vt,xt)||2] .

B <0 — 2o — (3 = Lan®) E[IDa(y", o' 2") ] (A31)
L2
+ (295’7 + L@Lg’}/2> (5t + (5t) + L@L/ ’VQSt
. . L2
Assuming v < min (4L ) 3Ta L,,) leads
O < @ — 2g' — TE[|Da(y", 0" a") 2] + L2A(E, + 67) + LaLy?S" .
O
We are now ready to prove Theorem 4.3.
Proof. We consider the Lyapunov function
Ll =+ ¢St + ¢y 8, + p,0) (A.32)

for some constants ¢, ¢, and ¢,.

We have
2

2
£l ot < —%gt - (Z — 2¢yﬁym% — 2¢UBM% _ ¢sp72> E[| Dy, of, 2)|?]
— (60520~ 129 = 864800 — 0s5?) 3,
— (60580~ 12y = 20,110 = 6.Bus?) 3,
B (d’g =56y Lyp* =56 Lip* — L¢L;v2> st
To get a decrease, ¢,, ¢, and ¢, p and v must be such that:
zwyxf - 2%%? + 0Py < 4
L2y + 86,80y + 6:Buy” < 6,72
L2y + 8¢y L7 + ¢Bevp® < ¢>v@

5¢y ,02+5¢1) U,D +L<I>L '-Y <¢€
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In order to take into account the scaling of the quantities with respect to N = n+m, we take p = p’ N,
v =4'N™, ¢, = ¢)N™, ¢, = ¢,N" and ¢, = ¢,N™. Since I' = O(N~1), P = O(N), B, = O(N)
and S, = O(N), we also defineI” = I'N, P’ = PN, 8, = 8, N~! and 3,,N~'. Now, the previous
Equations read (after slight simplifications):

1
(2¢ Byz + 2¢Uﬂvz) Nnern’Yinp + (,b Pl TN stny+l ~ =

L2/ N™ + 8¢Uﬂvyp N g gL (PN < g B s
Liv'N”W + 8¢;Lg(7/)2N2n7+ny + ¢;5;U(pl)2an+2n,,+1 <q /1‘2 ! Nt
5y, Ly (p)2N"™ 2 4 5, L (p) 2N 41 + Lo L (7/)*N™ < ¢s Nt

In order to ensure that the exponents on N are lower in the left-hand-side than those on the right-
hand-side, we take n, = n, =0,n, =n, = —% andn, = —%. The Equations become

(26,82 + 2¢;Bm> 6Py <3
L3y N7+ 861, Buyp' N7/ + ¢;ﬁsy( PN < gl BN
L3y N7+ 8¢ LI(v/)PN ™% + ¢, ()P N2 < ¢;%gp'N—2/3
5011, (0 N0 1 56, (PN + La i PN~ < o DN
We can replace the penultimate equation by the stronger
L2y N2/ 1 86, LI/ *N ™% + 8L, (PN 2/ < ¢/, N2
so that we can simplify all the equations by dropping the dependencies in N:

(26,80 + 268,) % + 0P < ]

L2 + 80!, Buy +¢> By () < 6,52
2 7 ! T N2 ! ol /@ /
L2y + 8¢, L(v)? + ¢.8.,(0")* < ¢, 16
F/
5L, (p')* +5¢,L,,(p')* + Lo L, (v')* < Fog -

Let us take ¢}, = 1, ¢, = qb”” and ¢! = d)”” with ¢ = ﬂyz and ¢!/ = min (ﬁa 512551,7,)' The
equations become
1
P/’Y/ 8
/\2
L2 ! < //i(p)
7' 4 Bey (') <% "
/\2
L2 4 8$ULIY o + Bly(p)? < ¢ (p,)
16 v
/ / 3 F/
04

The condition v/ <

<5 ensures that the first equation is verified. With 7/ < min < ;{"2'55 o g; o ) , the

second equations is verified. With v/ < min ( is fg 0, fg ﬂ",g A/ 3% 4%%;/»’ ), the third is verified. With
v </ ﬁ, the last can be simplified:
!

r
(oL, + 50T (0) < 5o
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Let us write v' = £p’. If we want that equation does no contradict the previous upper bound on ~’
involving p’ and the conditions of Lemma A.8, that is

/! i
7" < min Ol : Oulty ;
32L2 4812 2L ﬂyaa 2L 51}1
’7/ < min Hg Mg 61}1} \/[7
- 643y, L\ 1288y LY \| ALY By

K>

’7/ < (bHMg 1

38401 L1 N/

—_——
K3
, , 1 L? I 1 Pyig llug
’7 Smln 9 ) YR ( 9
ALy 2LoL! \| 6LoLl, 8P’ 328!, 488,
Ky

15(¢y Ly + ¢ L,) 4

v > X P

Ks

& must verify

which is possible if p’ satisfies

/ . K, (K -3 K3 % K\ 7
P Smln T T \ T
K5 \ K5 K Ks
_3 _5 92 - —_
I K, (K> 2 K3 2 K, g Byr Hg ﬂvy B
p' = min — = —
K\Ks) \&;) "\K;) *6402° 2B, 128(L2+ L)) S(L2+ L)) 2Bue

and

Let us take

¢ = min(Ky, K(p) "2, Ks(p) "3, Ka(p) ")
Finally, we have
t41 _ pt Tt
L LP< 5 g
and therefore, summing and telescoping yields

E LON3
fg ST=T

Since with respect to N we have
L0= 3"+ 6,0) + 6,00 + 6. " =O(N ' +1+1+ N"3) =0(1) ,

we end up with

+ > stivacr -o (3
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A.1.6 Proofof Theorem 4.4
We are now going to prove Theorem 4.4 that we recall here:

Theorem 4.4 (Convergence of SABA, PL case). Assume that ® satisfies the PL inequality and that As-
sumptions 4.1 to 4.3 and 4.5 to 4.6 hold. We supposep = p’ N3 and~ = £p/ N1, where o/ and ¢ depend
only on f and g and are specified in appendix. Let z' the iterates of SABA and ¢’ £ min (ue, 155:) With
P’ specified in the appendix. Then,

E[@T] — &* = (1 — )T (®° — &* 4+ C9)
where C° is a constant specified in appendix that depends on the initialization of y, v, * and memory.

Here, we have

2 2 1 — —
/ = min LS| K2 )" (Ks\7 ﬁ g By Hg Buy Buz
p Ky \Ks) "\K;) '\K;) 6412 2B,,  128(L2 + L) 8(L2 + LV) 2Bys |

and

[

&= min(Ki,Kg(p/)_%7K3(P/)_§»Kz/1(ﬂ/)_l) .
where P' = PN~!, TV =TN,

1 1 I
/! — — , /! — min — , /! g ) ,

K! — min Oyhs | Dty
1 64 o\ 1812\ 642’ \/ 2L ﬁyx 2L 5 )
. Hg ﬂvy
Ko —
2=l (\/64@,3@;” \/1285ML;;’ \ 4Lg5m> )
" o1 L2 1 Wy ¢
Ky = Py bg , K, =min [ —, : z ’ ’ ¢yMy’ Py lig
51261 L! 6¢° 4Ly’ 2Ll \| 6LoL.’ 18P"" 4803.. 640,

20(¢y Ly + dLy)
r ’

and

Ks =

Proof. For simplicity, we assume that ®* = 0 and so for any = € R% the PL inequality reads:

1
SIVe@)I? > po®(a) .
Then, eq. (A.21) gives
Pt < (1 208 ) @f - JE(IDL (' o' ") [P) + 9L, + 6) + La Liy*S"

We take £! the Lyapunov function given in Equation (A.32). We find

A2 ~2
ﬁ“—ﬁs—wmt(Z—wwml 2008, - @m)EmM¢MJWﬂ

— (60520 — 129 = 86uBuup — 645 ) 3,
(szﬁv“gp Liy— 2¢yL”2—§bsﬂsvp2>5Z

— (d)s — 5oy Ll p* — 5, Li,p* — LQL;VZ) St

We now try to find linear convergence, hence we add to this c£! to get
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2 2

£ (1= 0 < g - 99 = (=205, ~ 20,5, 0 - 6,922 = ¢ BIIDL )
— (04520 = L2 = 86,800 — 0”0, ) 0,
— (0520 = L2y = 20,117 — 6,Buup” — c¢v) o
r /2
— (955 — 5oy Lyp =50, Lyp® — La L,y* — cos

Hence, the set of inequations for decrease becomes

¢ < Yph
o ,_Y2 2 ,_Y
2¢y6ya¢ P) + 2¢U6vx p + ¢5Pry + c < 4

L2’Y + 8¢)v6vyp + ¢sﬁbyp + ¢yc < ¢y
L2y + 8¢y LI7* + ¢sBsup® + duc < qbv

5¢yL;/p2 + 5¢UL JF LéL/ ’Y + ¢psc < ¢e

We see that it is more convenient to write ¢ = ~¢'. As previously, we write vy = v N™, p = p/N"»,
¢y = (Z);Nny’ ¢)v = Q%;Nnv» ¢s = (b;anr P = P/N; r = F/N_l! ﬁsw = ﬁ N and ﬁsv = 6/ N. The
equations read:

Q\
IN
=~ = =

2¢ ﬂ Py Nnern.yfnp +2¢/ﬂ 7 Nanrnn,fnp +¢;P/7/an+1+n.y +Cl

?ﬂ/ “I/

IN

L2y N™ + 86/, 8,p/ N™ 10 4 @13, ()N F 20 gl i Nt < g B gyt

Li’Y/Nn” +8¢lng(,}/)2Nny+2n,y +¢.8.,(p /\2 N s+1+2n, + ¢y Nt < %ﬁl‘g ! Nt

5¢;L;(p/)2Nny+2np —|—5¢;L;(p/)2Nn“+2n" +L¢Llw( ) ]\[277,Y +¢/ / /Nn sHn~y < ¢ Nn —1 .

In order to ensure that the exponents on N are lower in the left-hand-side than those on the right-

hand-side, we take n, = n, =0, n, = —%, n, = —1 and n, = —3. The Equations become
d < up
_1 _l !l I AT— L ’ 1
2¢Byaj / 5+2¢va / +¢5P’YN 3+CSZ
_2 _2
L2y N~ 4898,/ N8 +¢/8,(¢)’N~% + ¢,/ N~ < ¢, L2/N 7

L2y N~ 486, Ly )AN 2 + 68, (02N 3 + ¢/ N7 < g ’fg PN

56, L1, (02N ~5 + 50/, L, (0)2N~2 + Lo L,(v')* N2 + ¢,y N5 < ¢, N" .

Now we have to find p/, +/, qbgj, ¢! and ¢’ that verifies the following conditions (which are a bit stronger
than thoose in the previous Equations):

n\
IN
»-b\»—l =

2¢’ﬁw ,+2<f> Boe ,+<z> Py +d

1
L3y + 86, Buyp + 8B4, () + 8,y < 6,0

L2 + 86, LU0/ + 6481 () + 'y’ < 0,580
/

5y, Ly (0)* + 56, Ly () + La L (v')? + ¢3¢y < ¢



A.1. Proofs 101

As previously, we take ¢/, = 1 and we denote ¢, = ¢! p, with ¢} = E and ¢, = ¢ p/ with ¢!/

3 1 1"__Hg :
min ( 527, Yy sty >, the equations become

d <
Py 4+ < %
L2+ Bly oy + ¢y 0y < 0y T4 (p')?
LAV 486 L0 (1) + B (0 + 6oy < 0780
5, Ly (') + 50y Ly () + La Ly, (') + ¢/ (7)* < %v’ :

nd

[oV]

Since ¢ < 1—6 and +' < mlp,, the second equation is verified. With 4/ < min <\/ féfé o, fgﬁii)

’ 11 ’
/ Hgp P : s / . Putg / Py g P By / Hgp
¢ < 7§ the third is verified. The conditions 7" < mln( 6irt P'o \ 51200 LT GART and ¢ < G5

ensure that the forth is verified. With+' <,/ ——— 5 L L/ and ¢ <3 / , the fifth is simplified in

1‘\/
5L, ()° + 50 L) <

As in the proof of Theorem 4.3, let us denote v/ = £p’. To verify this equation and the previous bounds

on ' and ¢/, we need
/! 17
y" < min %Mg, Dulty :
48127\l 642"\ 2L 51,70 2L’ ﬁyw

"< i Hg Hg ﬂvy ;
e <\/645ny;’.’\/1286@ng’\/£ Vo'

K>
’y ¢//'ug 1
512(;5”[/’ \/7’
—_————
K3
2 11 " /
y" < min L L ,¢M9¢M9,1, L
4Lg’ 2Ls LY 48ﬁsv 645.," 16P’ 8Ly L/
Ky
20((;5”[/ (;5"L’ )
v > — ),
20
Ks
J<m u 1 1
= 1671607 )
Ke
< Hg 1
—_ 64 g b
~~
K~
c < I;/ i
— / .
Ny
Ks
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So, &, p’ and ¢ must verify
K
§ < min (Kh ,7) ;
C
|
Ky
Ka(p)) ™2,
= K3(p,)7% ’
K.
¢ < min (K47 /8) ()~
C
| Y —
K
§ Z KS(p/)2 )
¢ < min L
= Fr96 16p7 )
Ks
which is possible if
2 2
< (5 ()7 (57 (2
- K5’ \ K5 "\ K5 "\ K5
So let us take ¢/ = min (s, 15, 1op7) = min (n, 1557 )
K! Ko 2 2 K’ 3 m B
p’:min 1,() 7( ) 7( 4) 9 g ) yza 9 9
K;' \ K5 Ks 64L§ 2Bys 128(L2 + L)’ 8(L2 + L) 2Bys
and
¢ = min(Ky, Ka(p') "%, Ks(p) "%, Ka(p) )
We have
L <(1—e)L!
therefore, unrolling yields
o — 9" < L' < (1- )L’
O

A.2 Convergence rates with weaker regularity assumptions

To get our rates, we need stronger assumptions than in the stochastic bilevel optimization litera-
ture Ghadimi and Wang (2018); Hong et al. (2023); Ji et al. (2021); Arbel and Mairal (2022a). In this
section, we shortly present the convergence rates we can expect if we replace Assumptions 4.1 and 4.2

by Assumptions A.1 and A.2.

Assumption A.1. The function f is differentiable. The gradientV f is Lipschitz continuous in (z,y) with

Lipschitz constants Ly ;.

Assumption A.2. The function g is twice continuously differentiable on R% x R% . For any x € R4,
g( -, x) is py-strongly convex. The derivatives Vg are Vg are Lipschitz continuous in (z,y) with respec-

tive Lipschitz constants Ly 1 and L, .

With these assumptions, we are not ensured that v* is smooth, and so the descent lemmas take the

form of Lemma A.9.
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LemmaA.9. Assume thatp < ;%. We have:
g
2.2
t+1 PHg\ ot 21/t Ly

L2 2
ot < (1 - %) 85+ pBuyly + 207V + g=x Lyt
4 Hg P

where L, is the maximum between the Lipschitz constants of y* and v* (see Lemma A.1) and B3,, =

;%:;(LFMQ + Lg)Q-

Proof. Inequality for ¢,,.

Instead of expanding the square as done in the proof of Lemma 4.2 in Equation (A.2), we use Young'’s
inequality for some a > 0

B < (L4 @Bl — gt @)+ (L a Bl ) — @)

Treating E[||y**! — y*(2!)||?] and E[||y* (z'™1) — y*(«!)||?] as done in the proof of Lemma 4.2 leads to

S < (L+a) [(1— ppg)dl + p* VI + (L+ a™ L3V

In order to keep a decrease in §,, we might want to use a = 3 py,, which gives the bound

2
t+1 Plg\ <t 277t Yt
0y S(I—T >5y+2,0 Vy+ﬁyx—p Vy

with §,, = 45 Indeed, this gives (1 + 4 p,)(1 — ppig) < 1 -
4

(1 + a)p® < 2p°. Finally, we also have 1 +a~! < 247! = e

$ppg. We have a < 1 since p < Hl, )
g

=

Inequality for J,. Asfor §,, the difference with the proof of Lemma 4.2 is that we use we use Young’s
inequality for some b > 0 to get

Gt < L+ DE[Jo" = v (@")[P] + (1 + b7 HE[[lo" (") — v (2")]7] -
The remaining part of the proof is similar to the proof of Lemma 4.2. O
The main difference with Lemma 4.2 is that we have O(l:) in factor of V! instead of O(y?). As a

consequence, we need that the ratio % goes to zero to get convergence, as in Hong et al. (2023). This
prevent us in getting rates that match rates of single level algorithms.

Hence, for SOBA, we have to choose v = O(T~3) and p = O(T~%) and we end up with a convergence
rate in O(T~%). For SABA, we get a O((n + m)e~ ') sample complexity, which is actually the sample
complexity of SOBA used with full batch estimated directions.
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This section presents the work published in AISTATS2024:

M. Dagréou, T. Moreau, S. Vaiter, and P. Ablin. A Lower Bound and a Near-Optimal Algorithm for
Bilevel Empirical Risk Minimization. In International Conference on Artificial Intelligence and Statistics
(AISTATYS), 2024

Only minor modifications have been made from the original paper: adaptation of the notation, shorter
introduction, relocation of some proofs in the main text, or addition of proof sketch for results with
proof in the appendix (Chapter B).

5.1 Introduction

In this chapter, we build on the previous chapter’s setting, aiming to solve:

min ®(z) = f(z,y"(2)) ,

z€RIz 5.1)

subject to y*(z) € argmin g(x,y) .
yERYY
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where the outer function f and the inner function g are empirical means:

Fw) = =S filew), gl = ey
j=1 i=1

Previously, we demonstrated that in the non-convex/strongly convex setting, the SOBA and SABA al-
gorithms achieve complexities in O (¢~?) and O ((n + m)ge*) respectively. These complexities are
analogous to those of SGD (Robbins and Monro, 1951; Ghadimi and Lan, 2013) and SAGA (Defazio
et al.,, 2014; Reddi et al., 2016) respectively for non-convex single-level optimization problems. This is
despite the hypergradient bias arising from approximations of the inner problem solution y*(z) and
the linear system solution v*(z). This suggests a possible transfer of complexity bounds from single-
level to bilevel problems.

However, in classical single-level optimization, it is known that neither of these algorithms is optimal:
the SARAH algorithm (Nguyen et al., 2017) achieves a better sample complexity of O(mz=~1) with
m the number of samples. Furthermore, this algorithm is near-optimal (i.e. optimal up to constant
factors) because the lower bound for single-level non-convex optimization is Q(m2e~!) as proved by
Zhou and Gu (2019). It is natural to ask if we can extend these results to bilevel optimization:

Are the optimal complexity bounds for solving bilevel optimization the same as in single-level
optimization?

In single-level optimization, the problem of finding complexity lower bounds has been widely stud-
ied since the seminal work of Nemirovsky and Yudin (1983). On the one hand, Agarwal and Bottou
(2015) provided a lower bound to minimize strongly convex and smooth finite sums with determin-
istic algorithms that have access to individual gradients. These results were extended to randomized
algorithms for (strongly) convex finite sum objective by Woodworth and Srebro (2016). On the other
hand, Carmon et al. (2020) provided a lower bound for minimizing non-convex functions with deter-
ministic and randomized algorithms. The non-convex finite sum case is treated by Fang et al. (2018)
and Zhou and Gu (2019). In the bilevel case, Ji and Liang (2023) showed a lower bound for determin-
istic algorithms. However, this result is restricted to the case where the value function @ is convex or
strongly convex, which is not the case with most ML-related bilevel problems. Our results are instead
in a non-convex setting.

Contributions of Chapter 5. In Section 5.2, we introduce SRBA, an adaptation of the SARAH algo-
rithm to the bilevel setting. We then demonstrate in Section 5.3 that, similarly to the single-level set-
ting,

¢ ((n + m)%a_1 V (n+ m))

oracle calls are sufficient to reach an e-stationary point. As shown in Table 5.1, it achieves the best-
known complexity in the regime n + m < O(s72). In Section 5.4, we analyze the lower bounds for
such problems. We show that we need at least Q(mze~) oracle calls to reach an e-stationary point
(see Definition 5.1), hereby matching the previous upper-bound in the case where n < m and ¢ <
m~2. SRBA is thus near-optimal in that regime. Even though our main contribution is theoretical, we

illustrate the numerical performances of the algorithm in Section 5.6.

5.2 A Near-Optimal Algorithm for Bilevel Empirical Risk Minimiza-
tion

In this section, we introduce SRBA (Stochastic Recursive Bilevel Algorithm), a novel algorithm for
bilevel empirical risk minimization which is provably near-optimal for this problem. This algorithm is
inspired by the algorithms SPIDER (Fang et al., 2018) and SARAH (Nguyen et al., 2017, 2022) which are
known for being near-optimal algorithms for non-convex finite sum minimization problems. It relies
on a recursive estimation of directions of interest, which is restarted periodically.
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Complexity Stochastic setting f g
StocBiO (Ji et al., 2021) O(e7?) General expectation | ;" | SCand C;”
AmIGO (Arbel and Mairal, 2022a) O(e7?) General expectation | C;”" | SCand C}?
MRBO (Yang et al., 2021) O(e2) General expectation Ci’l SC and Ci’z
VRBO (Yang et al., 2021) O(e2) General expectation | C;" | SCand C;”
SABA (Dagréou et al., 2022a) O((n+m)ie ) Finite sum CE‘Q SC and Ci’?’
F2SA (Kwon et al., 2023a) O(e™ %) General expectation CE’Q SC and Ci"Q
SRBA O((n+m)ze 1) Finite sum c7® | sCandC;}”

Table 5.1: Comparison between the sample complexities and the Assumptions of some
stochastic bilevel solvers. It corresponds to the number of calls to gradient, Hessian-vector
products, and Jacobian-vector product sufficient to get an e-stationary point. The tilde on
the O hide a factor log(¢~!). "SC" means "strongly convex". C%k means p-times differentiable
with Lipschitz kth order derivatives for £ < p.

5.2.1 Assumptions
Before presenting our algorithm, we formulate regularity Assumptions on the functions f and g.

Assumption 5.1. Forallj € [m], f; is twice differentiable and L o -Lipschitz continuous. Its gradient is
Ly 1 -Lipschitz continuous and its Hessian is L o -Lipschitz continuous.

Assumption 5.2. Foralli € [n], g; is three times differentiable. Its first, second, and third order deriva-
tives are respectively L 1 -Lipschitz continuous, Ly »-Lipschitz continuous, and L, 3 -Lipschitz continu-
ous. Forz € R, the function g;(x, -) is u,-strongly convex.

The strong convexity and the smoothness with respect to y hold, for instance, when we consider an
(2-regularized logistic regression problem with non-separable data. These regularity assumptions up
to first-order for f and second-order for ¢ are standard in the stochastic bilevel literature (Arbel and
Mairal, 2022a; Ji et al., 2021; Yang et al., 2021). The second-order regularity for f and third-order reg-
ularity for ¢ assumptions are necessary for the analysis of the dynamics of the auxiliary variable v we
introduce in subsection 5.2.2, as is the case in the previous chapter. As shown by Ghadimi and Wang
(2018, Lemma 2.2), these assumptions imply the smoothness of ® as proved in Proposition 3.2, which
is a fundamental property to get a descent. Another consequence of Assumptions 5.1 and 5.2 is the
boundedness of the function v*.

Proposition 5.1. Assume that Assumptions 5.1 and 5.2 hold. Then, for R = %; it holds that for
anyz € R%, we have ||v*(z)| < R.

We denote I' the closed ball centered in 0 with radius R, and Il the projection onto I'. We also de-
note [(y, v, z) = (y,Hr(v), z), for (y,v,z) € R% x R¥ x R,
5.2.2 Hypergradient Approximation

Recall that the gradient of ¢ is given by
V& (2) = Vaf(z,y" () + Vig(z,y" ()" (@)

where v*(x) is the solution of a linear system:

v (@) = = V290, y"(@)] ' Vyf(z,y' (@) . (5.2)

This gradient is intractable in practice because it requires the perfect knowledge of y*(z) and v*(x)
which are usually costly to compute. As classically done in the stochastic bilevel literature (Ji et al.,
2021; Arbel and Mairal, 2022a; Li et al., 2022), y*(z) and v*(z) are replaced by approximate surrogate
variables y and v. The variable y is typically the output of one or several steps of an optimization
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procedure applied to g(z, -.). The variable v can be computed by using Neumann approximations or
doing some optimization steps on the quadratic v — v ' V2, g(z,y)v + V, f(z,y) "v. We consider the
approximate hypergradient given by

Dy(y,v,2) = Vi, g(z,y)v+ Vo f(z,y) .

The motivation behind this direction is that if we take y = y*(z) and v = v*(x), we recover the true
gradient, thatis D, (y*(x),v*(z),z) = V®(z). Proposition 5.2 controls the hypergradient approxima-
tion error by the distances between y and y*(z) and between v and v*(x) (see Lemma 4.1 for a proof).

Proposition 5.2. Letz € R . Assume that f is differentiable and L, smooth with bounded gradient,
g is twice differentiable with Lipschitz gradient and Hessian and g(x, - ) is ji4-strongly convex. Then
there exists a constant L, such that

1Dz (y, v, ) = VO(@) | < Li(ly — y™ (@) |* + [lv — o™ (@)

Thus, it is natural to make y and v move towards their respective equilibrium values which are given
by y*(x) and v*(x). As a consequence, we also introduce the directions D, and D,, as follows

Dy(y,ux) = Vyg(xvy) 9
Dy(y,v,x) = Vi, g(z,y)v+ Vy f(z,y) .

The interest of considering the directions D, and D, is recalled in Proposition 5.3 demonstrated in the
previous chapter (see Proposition 4.1).

Proposition 5.3. Assume that g is strongly convex with respect to its first variable. Then for anyx € R,
it holds D, (y*(z),v*(z),x) = 0 and D, (y*(z),v*(z),x) = 0.

The directions D,, D,, and D, can be written as sums over the samples. Hence, following these direc-
tions enables to adapt any classical algorithm suited for single-level finite sum minimization to bilevel
finite sum minimization. In what follows, for two indices i € [n] and j € [m], we consider the sampled
directions D, ; ;, D, ; j and D, , ; defined by

Dy j(y,v,7) = Vygi(z,y) (5.3)
Dv,i,j(y7v7$) = ng/yg’t(xvy)v + Vyf](xay) (54)
Dy j(y,v,x) = V2,g:(z,y)v + Vafi(z,y) . (5.5)

When ¢ and j are randomly sampled uniformly, these directions are unbiased estimators of the true
directions D,, D,, and D,. Yet, as in (Nguyen et al., 2017), we use them to recursively build biased
estimators of the directions that enable fast convergence.

5.2.3 SRBA: Stochastic Recursive Bilevel Algorithm

In Algorithm 6, we present SRBA, a combination of the idea of recursive gradient coming from (Fang
et al.,, 2018; Nguyen et al., 2022) and the framework proposed in Chapter 4. It relies on a recursive
estimation of each direction D,, D,, D, which is updated following the same strategy as SARAH. Let
us denote by p the step size of the update for the variables y and v, and ~ the step size for the update
of the variable x. We use the same step size for y and v because the problems of minimizing the
inner function g and solving the linear system (5.2) have the same conditioning driven by V2 g. For
simplicity, we denote the joint variable u = (y, v, ) and the joint directions weighted by the step
sizes A = (pDy, pD,,vDz) = (Ay, Ay, A).

At iteration ¢, the estimate direction A is initialized by computing full batch directions:

A" = (pDy(@'), pDy(@'), 7Dx ("))
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Algorithm 6 Stochastic Recursive Bilevel Algorithm

Input: initializations yy € R%, 2y € R%, vy € R%, number of iterations 7 and ¢, step sizes

pand 7.

Seta’ = (yo,vo,xo)

fort=0,. —1do
Reset A: At o (pD (a 1), pDy (@), v Dy (@)
Update u: ub! = II(af — A®9) |

fork::l,...,q—ldo
Drawi € {1,. n}and e{l,....,m}
AGE = p(Dys () = Dy (1)) + A
ALE = p(Dyij(uF) = Dy (1)) 4 ALF-1
Afc’k :’Y(Dxm ub k) 7nyi’j(utk 1)) +Atk: 1
Update u: ub*+! = II(ub* — ALF)
end for
Set iitt! = uttla
end for
Return (37,97, z7) = aT

and a first update is performed by moving from i’ in the direction —A*°. As done by Hu et al. (2022),
we project the variable v onto T to leverage the boundedness property of v*. Then, during the kth
iteration of an inner loop of size ¢ — 1, two indices i € [n] and j € [m] are sampled and the estimate
directions are updated according to Equations (5.6) to (5.8)

ALY = p(Dy;;(u"") = Dy 5(ubFh) 4 AL (5.6)
ALY = p(Dy i j(u"*) = Dy (0 71)) + ALE! (5.7)
A;,k = 'Y(Dﬂmﬂ(ut’k) — Dy iy (utvk_l)) + Ags’k_l (5.8)

where the sampled directions D, ; ;, D, ; ; and D, ; ; are defined by Equations (5.3) to (5.5). Then the
joint variable u is updated by

abkrl — H(ut’k o At’k) ) (5.9)

Recall that the projection is only performed on the variable v. The other variables y and = remain
unchanged after the projection step. At the end of the inner procedure, we set @i‘*! = u®¢

In Algorithm 6, the variables y, v, and « are updated simultaneously rather than alternatively. From
a computational perspective, this enables sharing the common computations between the different
oracles and doing the update of each variable in parallel. So there is no sub-procedure to approximate
the solution of the inner problem and the solution of the linear system.

Note that Yang et al. (2021) propose VRBO, another adaptation of SPIDER/SARAH for bilevel problems.
VRBO has a double loop structure where the inner variable is updated by several steps in an inner
loop. In this inner loop, the estimates of the gradient of g and the gradient of ® are also updated using
SARAH’s update rules. SRBA has a different structure. First, in SRBA, the inner variable y is updated
only once between two updates of the outer variable instead of several times. Second, the solution of
the linear system evolves following optimization steps, whereas in VRBO, a Neumann approximation
is used. Moreover, the algorithm VRBO is analyzed in the case where the functions f and g are general
expectations but not in the specific case of empirical risk minimization, as done in Section 5.3. Finally,
VRBO requires three more parameters than SRBA: the number of inner steps, the number of terms, and
the scaling parameter in the Neumann approximations.
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5.3 Theoretical Analysis of SRBA

In this section we provide the theoretical analysis of Algorithm 6 leading to a final sample complexity
inO ((n +m)zetV (n+ m)). In Definition 5.1, we recall what is an e-stationary point.

Definition 5.1. Let d a positive integer, f : R? — R a differentiable function, and ¢ > 0. We say that a
point 2 € R is an e-stationary point of f if ||V f(2)||? < e. In a stochastic context, we call e-stationary
point a random variable z such that E[||V f(z)[|?] < e.

In this chapter, the theoretical complexity of the algorithms is given in terms of number of calls to
oracle, that is to say, the number of times the quantity

[ij (l‘, y)a ng (.T, y)a Viygz ($7 y)’U, viygl (1‘7 y)U] (510)

is queried fori € [n], j € [m], y € R%, v € R% and x € R%. Note that in practice, although the
second-order derivatives of the inner functions nggi (z,y) € RP*P and Viygi(o:, y) € RI*P arein-
volved, they are never computed or stored explicitly. We rather work with Hessian-vector products
V2 ,9i(z,y)v € R% and Jacobian-vector products V2, g;(z,y)v € R% which can be computed effi-

xT

ciently thanks to automatic differentiation with a computational cost similar to the cost of computing
the gradients V¢, (z, y) and V,g;(x,y) as explained in Section 2.3 (Pearlmutter, 1994). The cost of one
query (5.10) is, therefore, of the same order of magnitude as that of computing one stochastic gradient.

5.3.1 Mean Squared Error of the Estimated Directions

A strength of our method is its simple expression of the estimation error of the directions coming
from the bias-variance decomposition provided by Nguyen et al. (2017). Let us denote the estimate
directions D}* = AL*/p, Di* = AL*/p and DLF = ALF/y. In the remainder of the chapter, a
quantity denoted A, refers to 4,, A, or A, depending on the context. We introduce the residuals

k
So* = E[|De(u"") = Do(u"" )|,
r=1

k
Sk =>"E[|DL" — DL

r=1
We provide a link between the mean squared error E[|| DL* — D, (u®*)||?] and the residuals.

Proposition 5.4 (MSE of the estimate directions). Foranyt > 0 and k € {1,...,q — 1}, the estimate
DL* of the direction D, (u'*) satisfies

B DL* — Dy(ut*)|?) = S4* — st*

Proof. Lett >0andk € [¢ — 1].
For k = 0, we directly have E[|| DL* — D, (u’*)||2] = 0.
Fork >1andr € {1,...,k}, the bias/variance decomposition of D" reads
Eq, [| D™ — Da(u'")[2] = Ex, [ D™ = Di" + Dy(u" 1) = Dy(u'")?]
+ [ Do (u"") + Dy (u" =) — DI — Dy (u"")|*
=B, [| DS = D" — (Do (0" ™1) = Dy (u"")) ]
DT = Dyt

The term E, ,.[|| DY" — DL ~! — (D (ut"~1) — Dy(u*"))||?] is the variance of D}" — DL" !, and then can
written as

E,[[ID" = Dot = (Do (u"" 1) = Do(u'"))|P] = Er,o [ D" = DI HP] = [[ D (u"7) — Do (u"" )|
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Plugging this in the previous inequality and taking the total expectation leads to

E[|DL" — Da(ut)|[2) = E[|DL" = Dy L[] — B[ Da(u’") — Dy(ut" )|
+E[|DL - DYt |

Summing for » € {1,...,k} and telescoping gives the final result (taking into account that we have
DY’ = Dg(u?)):

k k
E[| DS* = Da(uM)[1P] = Y E[ID" = D P = Y E[|De(u") = Da(uH)|%]
r=1 r=1
O

The above error has two components: the accumulation of the difference between two successive full
batch directions and the accumulation of the difference between two successive estimate directions.

5.3.2 Fundamental Lemmas

We establish descent lemmas which are key ingredients to get the final convergence result. Lemma 5.1
characterizes the dynamic of u on the inner problem. To do so, we define the function ¢, as
¢y(xa y) = g(xa y) - g(fE, y*(l')) .
A

In the bilevel literature, a direct control on the distance to optimum 65% £ E[[|jy"* — y*(«"*)||?] is
established. Here, the biased nature of the estimate direction D;’k makes it hard to upper bound ap-
propriately the scalar product (D, (u"*) — Di¥, "% — y* (%)), Therefore, we rather consider ¢,*. By
combining the smoothness property of ¢, and the bias-variance decomposition provided in Proposi-
tion 5.4, we can show some descent property on the sequence ¢%* defined by ¢/, = E[¢, (y*, 2F)].
Before stating Lemma 5.1, let us define G/ =  (v"* —IIp(v"* — pD}*)) so that v+ = vbF — pGLk,
This is the actual update direction of v. If there were no projections, we would have G¢* = D%*. Hence,
it acts as a surrogate of D%* in our analysis. We also define

Vyt =E[IDGFP, Vet =ENIGF1%, Vit = E[IDLE)

the variances and their respective sums over the inner loop

V;’k ZE ”Dtr IH Vtk ZEHgir 1” Vtk ZE”Dtr 1H

Lemma 5.1 (Descent on the inner level). Assume that the step sizes p and v verify vy < Cyp for some
positive constant C,, specified in the proof. Then it holds

p P ,
S < (1) L (1 M) Vi 9BV 4 208V 6.1
A Y
+ 7B Vit + Ve + ;ﬁyx]E[llDz(ut’k)llz}

for some positive constants A, 3., 8. and j,,, that are specified in the proof.

In (5.11) we recover a decrease of qb;‘jk by a factor (1 — ppu4). But the outer variable’s movement and the
noise make appear D, (u’*) and the variance hindering the convergence of y towards y*(z).

Proof. In subsection B.1.2, we show the I';-smoothness of ¢,,. This enables us to write:

A
Gy (Y F 2 E ) < gy (yBF, 2t F) — p(DYF Vg ("R, 2t R)) + j“’pr"llD;Z”cll2 (5.12)

. A
= UDLE, Vag(y™h,2h) = Vag(y™ (@), 20)) + =
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Using the equality (a,b) = % (||a||® + ||b]|> — [|la — b]|?), we get

A 1
(DL, Vygly™, 7)) + ZLpl DY P = SIS = V(o) 5.13)
= Vyg(y"" a2 = (1 = Ayp) ID,*]?)
Plugging Equation (5.13) into Equation (5.12) and tacking the expectation conditionally to the past

iterates yields

B sl041) < 0% + TRy a1 DY* = V905, 24 ) 5.14)

p bk P :
= SIVug(y" 2 )2 = S (1= Ayp) B k[ D]

A
= V(B k[DFY, Vag(y'*, %) = Vag(y™ (%), 20) + H "Bk [|DH))
From Young inequality, we have for any ¢ > 0
1
(Bek[D*), Vag(y"h, a") = Vag(y" (@), %) < o [Be s [DF*]]* (5.15)

C
+ §||ng(yt’k,l’t’k) — Vag(y*(abF), 2552

The smoothness of g and strong convexity give us
. . 2L,
IVag(y™*,a"*) = Vag(y* ("), ") < Lgally™* -y (2")|* < Tg’¢y(yt’k7xt’k) (5.16)
g

Let us denote L' = Z21 Pluggin inequalities (5.15) and (5.16) into Equation (5.14) yields
Lo gging y

P
By [y (y" 0, 2] < (14 eLiy)dy (y" o0, 20 = SB[ Vg (", 2017 (5.17)
p p
+ PEIIDY — Vyg(yt*,at*) [P = £ (1= Ayp) Bvall DG
A
+ - (B (DI + SE e il DL )

From Lemma B.2, we have

k
E[|| Dy = Vyg(y"*, o' Z (P°E[IDy" ")+ +*EllDy" %) -

Taking the total expectation and plugging the previous inequality into Equation (5.17) yields

B

LFFL < (14 cLly) ¢t + §:3MW”1HprMW”1M) (5.18)
— LEV,90 )P = £ (1 - A,p) E[I DY)
LE[|E[DL¥))|?] + y?mwﬁm

Since g is p14-strongly convex with respect to z, Polyak-Lojasiewicz inequality holds:

IVyg(y™", a1 > 206, (y**, 2)

As a consequence, Equation (5.18) becomes

E

Gy < (L4 L'y — pgp) 91" + Z (PEIDy 2] +~*pE[IDE " |1?])

(1= Ayp) E[| Dy ||2]+;CE[\IE[ M%) + y VE[IDZ"|1%]

I\D\E
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Taking c = 572~ yields

k

7 Ly, r— r—
oyt < (1= B2p) 6 + 2L S (PE(IDY 2] + 2Bl DL )
r=1
P t.k L'y y ~2 t.k
—--(1-A D E||E E|||D;
5 (1= Ayp) E[IDG ) + %p[n[1m (105" 1)

For the term E[||E; »[D*]||?], we have

E[|[E:,x[D5*]|1°] = E[| Da(y"*, 0", 25%) — Dy (yt =1, ot * =1 2t 1) 4 DR 7]
_ E[HDI(yt’k, Ut,k7 CL't’k) o Dm(yt’k_l, vt,k—17 xt,k—l) _ E[D;’k_l]HQ]
+E[| DS —E[DZ* )17

= E[|| Do (y""*, 0", 254)|17] (5.19)
+ ]E[HD;’k71 _ Dl_(yt,k717vt,kfl’xt,kfl)w] )

Using Lemma B.2, we get

k—1
E[| DS = Do(ub* )P < 4p® ((Lg2aR)* + (Lg0)%) D E[IDG %)
r=1
k—1
+4p%(Lg1)* Y E[IGE ]

+49° ((Lg2R)* + (Lya)” ZEHD” i)

Putting all together yields

¢$Hs@—ﬁ@wh§a—%mmmwm+%ﬁm % (520
L' tk otk L tr—1
+ - LD WTH@MEﬂPZEW 17

Hg P g —1

L 4(Ly2R)*L’ 4(L u

2g,1 9,2 2 f, tr—1
+ + + E D

P [P 9 . Y || H

r=1

L L/ 2 / k
+w2p%1+4<gﬂa”+4 y }}jEHD”‘l
2 Hg P Hg —1

By assumption, v < Cyp, with C,, = \/SL,((LQ Z%L)gi(Lf 55 therefore

a4t < (1B gt — £ (1= A, p) E[IDGIP) + S24E]| DL )
L/’Y tk otk (2 3 ; tr—12
= LE[| DL (u"?)[?) + p*Lga Y B[ D5 ?]
Hg P —l
I k k
+ 4(Lg,1)2;9720ZE[||95”’_1||2] +7%pLg1 Y E[[DL ]
r=1 r=1

Hg tk P tk Ay2tk*7’2 tk otk |2
< (1-22p) 6 = £ 1= M) Vit 202Vt 4 B, DRl Dt )
+ psﬂyyvt’k + 92 pByu VEF + 42 pBys VEF

with 8,y = Ly, Byo = 4(Lg)?L" s Byz = Ly andﬁ = ; O

Hg
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For the variable v, the quantity we consider is
b (v, .Z‘) = \Il(y* ($)7 U, :L‘) - U(y* (:L‘), V" (.T), )
where ¥(y, v, z) is defined as
1
\Ij(y7 v, I’) = §UTV§yg(I, y)’U + vyf(xa y)TU .

The intuition behind considering this quantity is that solving the linear system (5.2) is equivalent to
minimizing over v the function ¥ (y*(z), v, x).

Lemma 5.2. Assume that the step sizes p and ~ verify p < B, and~y < C,p for some positive constants
B, and C,, specified in the appendix. Then it holds

L 3
G4 < (1= 220) 61 = BoupVl + 5B Vi* + 20 B Vit + 4208 Vit

Ay
+ pouy 0" + < E[|[ D"

2 f* tky |2
°] + ; B E[l| Dz (0"") 7]

for some positive constants A, Byy, Box, Byw and B,. that are specified in the appendix.

Lemma 5.2 is similar to Lemma 5.1 with a term in ¢/;* taking into account the error of y*(z)’s approx-
imation. The proof of this lemma is provided in subsection B.1.3. It harnesses the generalization of
Polyak-Lojasiewicz inequality for composite functions introduced by Karimi et al. (2016).

The following lemma is a consequence of the smoothness of ®. Let us denote the expected val-
ues &% = E[®(2**)] and expected gradient g''* = E[||V®(z**)|?].

Lemma 5.3. There exist constants oy, Bov, Bo. > 0 such that

vy 212
@t,k+1 S @t,k o §gt,k 4 ,_YTQI( thk 4 f),k) + ,YpQ/B(I)yV;,k:

7y

90" Ba V" + 97 Bea Vi = o (1= Lam) VIH

This lemma shows that the control of the approximation error ¢, (Lemma 5.1 and Lemma 5.2) and the
sum of variances V), is crucial to get a decrease of E[®(z**)].

Proof. The smoothness of & (Proposition 3.2) gives us
L
DY) < BatE) — 3 (VE(tF), DIF) + 422 [ DL
Then, we use the identity (a,b) = L ([la||* + [|b]|> — [la — b]|?) to get

ID*|I?

v gl gl Lo
B ) < @(ath) = S VRE P = SIDE* + IVR(a"h) = DF* + 97 =7

g g
< Ba"*) = SIVR(" M) = SIIDZHI + A Ve("*) — Dy (u" )|

. Lo
Do) — DEHE 42 S| D

Then taking the expectation gives and using Proposition 5.2 yields
PERH < Ptk _ %gt,k + ,YE[HV(I)(xt,k) . Dx(ut,k)||2]

2 (1= Lo E[| DY*|?)

< @tk — Ttk 2Byt — y* (o) 2] + BlJlot* — 0" (@4 2)

+9E[|Ds (™) = DH|?] ~

\}

1 (1 = Loy) B[ DL .

+9E[| Da(u"*) = DIH|P] =
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The 4,-strong convexity of g ensures that ||y — y*(z)||> < Z¢,(y,=) and v — v*(2)|> < Z¢u(v,2).
g g
As a consequence

v 2L3
B < @ = Tk 4 2 (4 gt) B DL 0 at) — DL
g

~
-3 (1— Lov) E[| DL*|?] .

From Lemma B.2, we have

e

k
E[| Dy — Dy (u"*)[*) < 4p% ((Lg2R)? + (Lg1)? Z Dy HIP] + 4% (Lg,1)* Y ELIG 1]
r=1

k
+49% ((Lg2R)* + (Ly,0)*) D E[IDE 7] -
r=1
Asa consequence
v 2L3
(I)t,k-i-l < (Pt’k _ §gt,k +77(¢;7k + (bf;’k)
k k
+479” (Lg2R)® +2(L11)%) D E[ID5" %] + 49p°(LE)* D E[IGL ]
r=1 r=1
a 'Y
497 (L2 PP +2(L4,2)) D BIIDE %] = 2 (1~ Loy ELIDE |
r=1

<@tk Ttk 4 VT(ﬂbL’k +60%) + 0 Boy Vit + 0 Beu Vi
g

2
9% Vi" = 3 (1= Lan) E[| DY)
with Bay =4 ((Lg2R)* 4+ 2(Ls1)?), Bew = 4(LY)? and Bey = 4 ((Lg,2R)* 4+ 2(Ls1)?). O

5.3.3 Complexity Analysis of SRBA
In Theorem 5.1, we provide the convergence rate of SRBA towards a stationary point.

Theorem 5.1. Assume that Assumptions 5.1 and 5.2 hold. Assume that the step sizes verify p < p and
~ < min (7, £p) for some constants &, p and7 specified in appendix. Then it holds

LSS Ellvaet - o()

t=0 k=0 qT'y

where O hides regularity constants that are independent fromn and m.

Proof sketch. The detailed proofis provided in subsection B.1.4.

The proof combines classical proof techniques from the bilevel literature and elements from SARAH’s
analysis (Nguyen et al., 2017, 2022). We introduce the Lyapunov function

LOF = B 4 gy gy + gt

where ¢, and v, are non-negative constants.
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By combining Lemmas 5.1 to 5.3 we get

R A7 E[|| Do (u**)[2] + (Biy — Bap + Bsp) o'* (5.21)

+(Cry — 020) W+ (D1p® — Dap) V¥ — ErpVF
+ (F1’72 — FQ’Y) th’k + (G1P’}/2 + Gzps + G3p3) V;’k
+ (Hipy? + Hov?p + H3p®) VEF + (Iy® + Ly?p + I3p%) VEF

where the constants A, Bl, BQ, Bg, Cl, 02, Dl, Dg, El, Fl, Fg, Gl, Gg, Gg, Hl, HQ, H3, Il, IQ and Ig are
independent from the step sizes and g.

The term E[|| D, (u**)||?] can be bounded by using Proposition 5.2:

4
E[|D,(u"")|”] < 29"* + — (4" + o}*)
Hg
If we inject the previous equation in Equation (5.21), then by summing a telescoping, we get

2 q—1 2 qg—1
gl v v
Lot — 0 < — (2 - Jp) th’k + (BI'V — Bap+ Bsp + B4p> Z (lﬁjk

k=0 k=0
g—1 qg—1
(Cl’Y Cap + 03) oLF + (D1p® — Dap) Z Vyt’k
k=0 k=0
q—1 q—1 q—1
= Bip ) Vit (P = Fyy) ) VIR 4+ (Gipy® + Gop® + Gap®) Y _ V"
k=0 k=0 k=0

q— —1

q
+ (Hipy? + Hav?p + H3p®) ZVﬁk (0 + Iy?p + Isp®) Y VE*
k

k=0 =0
Using the inequality
q—1 qg—1
Ve <) EIDVH
k=0 k=1
we get

2y 91
rva — 0 < - (;’ _ J/'Vp) th,k

k=0

2\ 41 2\ 41
+ (BW — Bap+ Bsp+ B4z)> Z o + <C1’Y —Cop+ C:ﬂp) Zgbf,k

k=0 k=0
g—1
2 2 3 3 t.k
+(D1p* = Dap+q (G1py® + Gap® + G3p®)) > V|
k=0
q—1
+ (=E1p+q(Hipy* + Hov’p+ H3p®))p Y VP
k=0
qg—1

+ (B — By + q (7 + o+ I3p)) Y VR .
=0

o

With suitable choice of the step sizes p and +, and constants v, and ,,, we get
Et,q o ‘Ct}O § 7% g t,k )

Then, summing for¢ € {0,...,T — 1} yields the result. O
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Note that increasing ¢ allows a faster convergence in terms of iterations but makes each iteration more
expensive since the number of oracle calls per iteration is (2n + 3m) + 2 x 5(¢ — 1). Thus, there is a
trade-off between the convergence rate and the overall complexity. In Corollary 5.3.1, we state that the
value of ¢ that gives the best sample complexity is n + m.

Corollary 5.3.1. Suppose that Assumptions 5.1 and 5.2 hold. If we take the inner step sizep = p(n +
m)~2, the outer step sizey = min(¥, £p)(n + m)~2 and the inner loop sizeq = n + m, then

@] ((n + m)ég*1 vV (n+ m))

calls to oracles are sufficient to find an e-stationary point with SRBA.

Proof. Let us take p = p(n +m)~2,~v = min(¢p, ) and ¢ = n + m. Then Theorem 5.1 holds:

T—-1qg—-1

1 4
DI IAEFE g

t=0 k=0 - Tq*y

with T'y = O(1). To get an e-stationary solution, we set 7' > %F%*l v1i=0 (T}ya v 1). One iteration
has ©(¢q) = ©(n+m) oracle complexity. As a consequence, the sample complexity to get an e-stationary

pointis(’)((n—i—m)%e‘l \/(n+m)). O

This sample complexity is analogous to the sample complexity of SARAH in the non-convex finite-
sum setting. To the best of our knowledge, such a rate is the best known for bilevel empirical risk
minimization problems in terms of dependency on the number of samples »n + m and the precision ¢.
This improves by a factor (n + m)~5 the previous result which was achieved by SABA (Dagréou et al.,
2022a). As a comparison, VRBO (Yang et al., 2021) achieves a sample complexity in (5(5*%). Note that,
for large value of n + m we can have actually (n 4+ m)2ze~* > ¢~2. This means that, just like single-level
SARAH, the complexity of SRBA can be beaten by others when the number of samples is too high with
respect to the desired accuracy (actually if n + m = Q(~2)).

5.4 Lower Bound for Bilevel ERM

In this section, we derive a lower bound for bilevel empirical risk minimization problems. This shows
that SRBA is a near-optimal algorithm for this class of problems.

Function and Algorithm Classes. We define the function and algorithm classes we consider.

Definition 5.2. Let n,m two positive integers, Ly, and u, two positive constants. The class of the
smooth empirical risk minimization problems denoted by C*#1:#s is the set of pairs of real-valued
function families ((f;)1<j<m, (9i)1<i<n) defined on R% x R% such that for all j € [m], f; is L1 smooth
and for all i € [n], g, is twice differentiable and y,-strongly convex.

Note that we consider a class of non-convex bilevel problems. This class contains the functions defin-
ing the bilevel formulation of the datacleaning task.

For the algorithmic class, we consider algorithms that use approximate implicit differentiation.

Definition 5.3. Given initial points y°, 0", 2°, a linear bilevel algorithm A is a measurable mapping
such that for any ((f;)1<j<m, (9i)1<i<n) € CEs1kg the output of A((f;)1<j<m. (9i)1<i<n) is asequence
{(y*, vt 2, 4¢, ji) }e>0 of points (y', o', z") and random variables i; € [n] and j; € [m] such that for all
t>0
yh €y’ +Span{Vyg;, (2%,5°), ..., Vygi, (', y")}
vt e vo—l—Span{szgio (2%, y" )0 + Y, £ (2°,4°),
e ,szgit (z', ")t + Vyfi (2%, y")}
2" € 2%+ Span{ V7, gi, (2%, y° )00 + Vo £, (2°,4°),
o Vi, (2 Y+ Ve f (25 Y0}
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This algorithm class includes popular stochastic bilevel first-order algorithms, such as AmIGO (Arbel
and Mairal, 2022a), FSLA (Li et al., 2022), SOBA, and SABA (Dagréou et al., 2022a). Moreover, despite
the projection step, SRBA is part of this algorithm class since the projection of a vector onto I" is actu-
ally just a rescaling.

As a comparison to the existing lower bound for bilevel optimization by Ji and Liang (2023), we con-
sider randomized algorithms and do not assume the value function ¢ to be convex or strongly convex.

Main Theorem. Problem (5.1) is actually a smooth non-convex optimization problem. The lower
complexity bound for non-convex finite sum problems has been studied by Fang et al. (2018) and Zhou
and Gu (2019). In particular, they show that the number of gradient calls needed to get an e-stationary
point for a smooth non-convex finite sum is at least O(mze~!), where m is the number of terms in the
finite sum.

Intuitively, we expect the lower complexity bound to solve (5.1) to be larger. Indeed, bilevel problems
are harder than single-level problems because a bilevel problem involves the resolution of several
subproblems to progress in its resolution. Theorem 5.2 formalizes this intuition by showing that the
classical single-level lower bound is also a lower bound for bilevel problems.

Theorem 5.2. For any linear bilevel algorithm A, and any LY, n, A, ¢, p such thate < (ALfm~1)/103,
there exists a dimensiond = O(Ae~'mz L'), an element ((f;)1<j<m, (gi)1<i<n) € CL51Fs such that the
value function ® defined as in (5.1) satisfies ®(x°) — inf s ®(z) < A and in order to find & € R? such
that B[|V®(#)||?] < ¢, A needs at least Q(mze") calls to oracles of the form (5.10).

The proof is an adaptation of the proof of Zhou and Gu (2019, Theorem 4.7). We take as outer function
fdefined by f(z,y) = Z;”:l f(UY)2) where f is the “worst-case function” used by Carmon et al. (2021),
U = [UY,...,u™]T is an orthogonal matrix and g(z,y) = 3|ly — z||?>. We leverage the fact that
IV£(y)||> > K as long as the two last coordinates of y are zero for some known constant K. Then
we use the “zero chain property” to bound the number of indices j such the two last components of
Uzt are zero at a given iteration ¢, implying || V®(z*)||2 > e when ¢ is smaller than O(mz¢~!). In the
next section, we provide the proof of Theorem 5.2.

5.5 ProofofTheorem 5.2

The proof of Theorem 5.2 is an adaptation of the proof of (Zhou and Gu, 2019, Theorem 4.7) from
single-level to bilevel problems. We build the outer function from the worst-case instance of (Zhou
and Gu, 2019, Theorem 4.7) and we add a bilevel component by using as inner function the function ¢
defined by g(z,y) = %|ly — =|*>. We start by introducing the different tools used in this proof.

5.5.1 Preliminary results

In what follows, we provide the building blocks of our worst-case instance. The proof uses the follow-
ing quadratic function presented by (Nesterov, 2018).

Definition 5.4. Letd € N, ¢ € [0, +o0) and ¢ < 1. We define Q(;¢,d) : RY — R by

U

-1

(Tpp1 — zp)?
1

Qz;€,d) = 2(x1 — 1)° +

N[y

1
2

>
Il

Proposition 5.5 proposition comes directly from (Zhou and Gu, 2019, Proposition 3.5). The first part
of the proposition gives us the regularity of Q. The second part shows that a function defined as
QU x -;¢,d) + Zgzl g({up, -)) verifies the so-called "zero-chain property" (Carmon et al., 2020): if
Uz € Span(us,...,u;), then we gain a non-zero coordinate by calling the gradient

q

VIQWU x -:&d)+ > g({up, - )(x) -

p=1
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In other words, that makes us progress in the problem resolution.

Proposition 5.5. Ford € N, & € [0, +00) and ¢ < 1. The following holds:
1. Q(-;¢&,d) is convex and 4-smooth.
2. Letq € Nug, U = [uy,...,uq)" € R such thatUU " = I, and fork < d, let
USSR = [uy, ... ug,0,...,0]" € R

Let g : R — R differentiable such that g’ (0) = 0. Then for any x € R? such that Uz = U<*)z, then
d
V QU x :&d)+ Y g((up, -))| (x) € Span(ua, ..., ug, k1) -
p=1

Proof. Let z € RY such that Uz = U(S¥)z. For 0 < k < d, we denote
R4 = {v e RY vy = -+ = vg =0} .

Let us write Q(z;&,d) = 2T Az + bz + cwith

[1+¢& -1 0 -~ 0]
-1 2 -1 :
A= 0 0 eRdxd ,
-1 2 -1
L0 0 -1 1|

b=¢(1,0,...,0)" and ¢ = §(1,0,...,0)7.
On the one hand it is known from (Nesterov, 2018, Lemma 2.5.1) that if v € R*:¢,
VQ(v; ¢, d) € RM 4

Asa consequence,
VQ(Ua;¢,d) = VQU = a; ¢, d) € RFF14

cRF.d
and
VIQU x -;¢,d)](z) =U'VQ(Uz;¢&,d) € Span(uy, ..., upp1) -
On the other hand,
d d k
V1Y gy, -))] (@) =Y g ({up, 2))up = > g'((up, @))up € Span(ur, ..., ugs1) -
p=1 p=1 p=1

Thus

\Y

d
QU x +:&,d)+ Y g({up, )| (x) € Span(ur, ..., uk, ups1) -
p=1
O
However, the function Q is convex. That is why we also use the function I' introduced by Carmon et al.

(2021). As explained by Carmon et al. (2021), this function is essential to lower bound the gradient of
our worst wase instance.

Definition 5.5. Letd € N-o. We define I'( - ;d) : R¥*! — R by

-1,
[(z;d) _1202/ ST
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An important property of I' shown in (Carmon et al., 2021, Lemma 2) is the smoothness of the func-
tion T

Proposition 5.6. There exists a constant c > 0 such thatT'(-;d) is c-smooth.
Now we introduce the function f,. we use to build our worst-case instance. This function comes from
(Zhou and Gu, 2019, Definition 3.5). It is the sum of the quadratic function defined in Definition 5.4

and the non-convex component given in Definition 5.5.

Definition 5.6. Fora > 0andd € Ny, fu.(-;a,d) : R¥*1 — R is defined a

foe(zya,d) = Q(a;V/a,d + 1) + al'(x) .

The essential properties of f,,. come from (Carmon et al., 2021, Lemmas 2, 3, 4). The first part provides
the regularity properties of f,.. The second part bounds the distance between f,..(-;«,d) and the
optimal value of the function. The third part will be key to the overall proof. In words, it states that
as long € R¥*! has its two last components equal to zero, the norm of the gradient of f,.(-;«,d)
is higher than a constant controlled by «. As a consequence, if « is properly chosen, as soon as x4 =
zq+1 = 0, we are ensured that ||V fy.(z; a, d)|| > €.

Proposition 5.7. Fora € [0, 1], it holds

1. —ac =< V2%f,. <4+ ac.

2. fuc(0;a,d) —inf, fro(x;a,d) < @ + 10ad.

wjw

3. Forz € R such thatzg = zq41 =0, ||V fuc(z; o, d)|| > 4.

From now we denote
O(a,b) ={U e R UUT =1,} .
The following Lemma adapted from (Zhou and Gu, 2019) is fundamental for our lower bound proof.

Lemma5.4. Letd,m € NygandU € O((d + 1)m, (d + 1)m). We denote

D
U= :
U m)

witheachU" € O(d+ 1, (d+1)m). Let {®;};efm) with®;(x) = foc (U z;0,d) and ® = 537, ®;.
Letz € RETD™ gnd 2 = Uy € R, LetT = {j € [m], ) = zc(lﬂzl = 0}. Then it holds

3
az|Z|
O(2)]2 > —— .
IVe@)IP = 75
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Proof. We have

Ve = |- 5" va;()

(U(j))TanC(U(j)x; o, d)

s

1
m

<.
I
—

1
m?

H(U”’)Tm(U%a,d)H2

NNgE

j=1

[\

2 Y hueU:0,0) TGOV oo (U 0,d)

7,l=1
J#l

3

H(U NV foe(UDz; d)H2

[
3=

1

J

where the last equality comes from the fact that we have for for any j # [, UO(UU)T = 0 since
U € O((d + 1)m,(d+ 1)m). Now, using the third part of Proposition 5.7, we get

V()2 > % Z H(U(ﬁ)vanc(U(j)m;a,d)Hz

v

LS [P
JjET

af|7]
16m?2 -

Y

5.5.2 Main proof

Now we are ready to prove Theorem 5.2.

Proof. We consider U € O((T' + 1)m, (T + 1)m) and we denote
UM
U= :
Um)
with U9 = (ui ... w9 )T € OT +1,(T + 1)m).
For j € [m], we choose f; : RZ+Dm+(T+1m _, R defined by
7]’ (LL', y) = fnc(U(j)y; a, T)

and we set f = ;- 577, f;. We also define for i € [n] gi(z,y) = 3lly —[* g = ; Z:L 190 7 (2) =
arg min, g(v,y) and ®(z) = f(z,7"(z)) = fac(U9Dz; , T). By Proposition 5.7, f;is 4 + %€ smooth, and
g, is 1-smooth and 1-strongly convex.

We have
®(0) — inf ®(x) < y/a +10aT .

We finally consider f;(z,y) = Affj(x//g’,y/ﬁ), gi(x,y) = Agg;(x/B,y/B). As a consequence, we have
y*(r) = argmin, g(z,y) = ¥*(z) and ®(z) = f(z,y"(z)). We also consider a fixed indices sequence
(it, j¢). We set

m 160me ALy
— mi 1 7} . A= ; =4/5Af/L1, Ag = 2 , T = £ )
“ mm{ ¢ T Lyra3 B=\oN/Lr1s Ao =B T760me ¥
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We can check that each f; is L; ;-smooth, and each g; is ;1,-strongly convex.

Assuming e < ALy a/(1760m) ensures that ®(0) — inf, ®(x) < A (we can check that ®(0) = A\;®(0)
and inf & = A inf ®).

Let us assume without loss of generality that the algorithm at initialization we have y° = v = 2% = 0
and consider (y',v*, z*) the output of an algorithm with the known sequence (i, j; ).

Given our inner function and the fact that V.. f(z,y) = 0 for any (z,y) € R(m+Dd+(m+1)d e have

y' € Span(y°® — 2°,..., 9" — zf) (5.22)
o' € Span(v? + V, £, (2%, 4%), ..., vt + V, £, (2, y1)) (5.23)
' € Span(v?, ..., v") . (5.24)

Since v° = 0, we have by Equation (5.23) v! € Span(V, f;, (z°,4°)) and by induction
vt € Span(Vy fi, (2°, %), .. Vi f, (2", y")
Therefore, using Equation (5.24), we have
e e Span(Vy £, (2°,4°), ..., Vy fi, (2", 9"))
Since y¥ = 0, by Equation (5.22), y* € Span(z”) and by induction
y' € Span(2°,...,zt) .

Asa consequence,

z' € Span(V, fj, (zY, Span(2°)),..., Vy fi, (@', Span((®)s<t))) -

Let us denote zU) = UU)zt, Since 2° = 0, 2000 = ( and by the second part of Proposition 5.5,
xl e Span(ugj")).

Now we assume that for all s < ¢ we have

z® € Span(ugjo),...,ugjo),...,ugjs‘l),...,ung*l)) .
There exist scalars a1, ..., o, 61,1, 821, 82,2, - - - s Bt 1, - - - » Be,e Such that

t T
="V, f, (l”ﬁ > ﬁr,sxs>
r=1 s=1
Let X" =%""_, B, sz Forr € {1,...,t}, we have by induction hypothesis
X" e Span(ugj‘)), o ulo) ,ugj"’1)7 ulry
By orthogonality, we have
Span(ugjo), e ,ug,j"), e ,ugj'”’l), . ,ug,j“l)) € Span(ugj_ﬂ, e ugz;)l) :

Asa consequence .
UUDX" = () X7), . (ul), X7),0,...,0)

We can use Proposition 5.5 to say

Vyfi. (@7, X") € Span(ugjr), e miﬁ%) C Span(ugj"), e 7u£j0)7u£j+°i, e ugjr)7 . miﬁ%) .

And we get finally

2t e Span(u§]°)7...,ugm)mgff,...7u§”),...,u§i"i) .
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By induction, for any ¢, we have

xt e Span(ugj“), . ,uijO), el ugjf«)7 o 7u£jt))
at most mt vectors
and so | | | |
2" L Span((ul?, ... ,ugzzd)je[m]\{jo,.,,,jt}, (ugi)l, . ’“5211)3‘6{]‘0,..%}) .

As a consequence, for ¢t < 27T, let T = {j, z(Tj’t) = z(TJﬁ = 0} with 209 = UGz, Sincet < 2T, we have
|Z| < % and by Lemma 5.4, we have
Vo) > € .

If we define T'((x!);, ®) = inf{t € N, ||[V®(2')||* < €}, we just showed that for the fixed sequence (i, ji),
we have
T((x"):, @) >

SIE

T =Q(vV/me ) .

The right-hand side being independent from the sequence (i, j; ), fort < 2T, we have
E[|Ve(z')[*] > ¢

where the expectation is taken over the random choice of ig, . .. ,i:_1,j0,- - -, jt—1- O

5.6 Numerical Experiments

Even though our contribution is mostly theoretical, we run several experiments to highlight to com-
pare the proposed algorithm with state-of-the-art stochastic bilevel solvers. We compare our method
to AmIGO (Arbel and Mairal, 2022a), F?SA (Kwon et al., 2023a), MRBO (Yang et al., 2021), VRBO (Yang
et al., 2021), StocBiO (Ji et al., 2021) and SABA (Dagréou et al., 2022a). They are run on a synthetic
problem with quadratic functions and on a hyperparameter selection problem for ¢2-regularized lo-
gistic regression with the dataset JCNN1'. A more detailed description of the experiments is available
in Section B.2.

Experiments on quadratics. To evaluate the performance of stochastic bilevel optimizers in a
controlled setting, we perform a benchmark on quadratic loss functions described in Section B.2. Here
f and g are quadratic jointly in (y, =), allowing us to choose freely the conditioning of f, g, and ®. We
take for the Hessian and cross derivative matrices of each sample, the empirical correlation of random
vectors drawn with a prescribed covariance matrix. The generation process is detailed in Section B.2.
In figure 5.1, we report the norm of the gradient of the value function function with respect to time.
Our first observation is that among all the methods, SRBA and SABA converge the fastest. These two
solvers share two key ingredients: variance reduction and warm-starting. Variance reduction makes
the variance of the gradient estimate go to zero without using decreasing step sizes. The warm-starting
strategy in both the approximation of y*(z*) and the approximation of v*(z*) enables getting an esti-
mator of V®(z') which is asymptotically unbiased, without requiring an increasing number of inner
iterations or batch-size. Note that solvers using Neumann iterations (VRBO, MRBO, stocBiO) fail to
converge because Neumann iterations provide a biased estimate of v*(z). Moreover, AmilGO and
stocBiO evolve slowly after some iterations because they require vanishing step sizes to converge. Fi-
nally, SRBA is faster than SABA, which is consistent with the theory.

Hyperparameter selection. We also run an experiment on the hyperparameter selection prob-
lem for ¢2-regularized logistic regression with the JCNN1 dataset. SRBA shows good performances
in the experiment, both in speed and accuracy. It is competitive with other state-of-the-art meth-
ods AmIGO and SABA, while going faster than Amigo and requiring less memory than SABA. VRBO
—another extension of SARAH for bilevel problems- is slower in all problems. This is due to the bur-
den of computing the approximate hypergradient at each inner iteration without updating the outer

\Phittps://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/binary.html
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parameter. We can also notice that in the experiment on IJCNNI1, the slowest method are method
implementing Neumann approximations to approximate v*(x). Note that this last experiment does
not include F2SA because we find that on this problem, the norm of the iterates of F>SA goes towards
infinity.

1071 4
< —— SRBA o 1072 1
= StocBiO I 3 —— AMIGO  —— SABA
@ VRBO 1073 4 MRBO StocBiO
= = VRBO === SRBA
o 10-4 E
105 4
T T T T 1 T T T T
0 50 100 150 200 250 100 200 300 400
Time (s) Time [sec]

Figure 5.1: Comparison of the behavior of SRBA with other stochastic bilevel solvers. For each experi-
ment, the solvers are run with 10 different seeds, and the median performance over these seeds is re-
ported. The shaded area corresponds to the performances between the 20% and the 80% percentiles.
The performances are reported with respect to wall clock time. Left: Experiments on quadratic func-
tions. We report the gradient norm of the value function. Right: Hyperparameter selection with the
IJCNN1 dataset.

5.7 Conclusion

In this chapter, we have introduced SRBA, an algorithm for bilevel empirical risk minimization. We
have demonstrated that the sample complexity of SRBA is O((n + m)ze~1) for any bilevel problem
where the inner problem is strongly convex. Then, we have demonstrated that any bilevel empirical
risk minimization algorithm has a sample complexity of at least O(mzc!) on some problems where
the inner problem is strongly convex. This demonstrates that SRBA is optimal, up to constant factors,
and that bilevel ERM is as hard as single-level non-convex ERM.



CHAPTER B

LAPPENDIX TO LOWER BOUND FOR BILEVEL EMPIRICAL RISK
MINIMIZATION

Section B.1 contains the necessary lemmas and proofs of Section 5.3. Section 5.5 contains the proof
of the lower bound for stochastic bilevel optimization. Section B.2 details the setting of the numerical
experiments.

B.1 Convergence analysis of SRBA

B.1.1 Technical lemmas

Lemma B.1. There exists constant L,- and L, such that for any x,, x5 € R4, we have
ly*(z1) — y"(@2)[| < Ly+[|z1 — 22| and [|v*(z1) —v"(22)|| < Lo+ [lz1 — 22|

Proof. The Jacobian of y* reads dy* (z) = [V2yg(x y* ()] V2, g9(z, y*(x)). By pg-strong convexity and
<

L, ;-smoothness of g, we have ||dy*(x) Lo whlch implies that y* is L,,--Lipschtiz with L, L;’l .

For v* we do the computation directly:

[0*(z1) — v (@2) | = [[V3,9(y" (21), 20)] " Vy f (y* (21), 21)
— V2,9 (w2),22)] 7'V f(y* (22), )|
< V2,9 (1), 20)] (Vo f (5" (1), 1) — Vi f(y" (2), 22))
+H([Vf,yg(y*(xl),ﬂh)—[vf,y (v (x2), 22)] 171V fy* (22), o) |

Lyn | LgoLyo . .
< (B2t B2 1y o) 1) — (57 (o). )|
,U’g :ug
Lyy  LgaLyo
< (f + 22220 ) (|ly* (21) — v (@) | + 21 — 22]])
/J’g g
L L L,oL
< <1+ 971) ( f,1 + g722f70> ||3'31 _x2||
Hg Hg Hy
Then taking L,- = (1 + L;'l) (% + %) concludes the proof. O

Lemma B.2. Let us consider the update directions D}¥ = ALF/p, DbF = ALK /p and DLF = ALF/~
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where A;’“, ALF and ALF verify Equations (5.6) to (5.8). Then it holds
k

E[|Dy* — Dy(u")[P] < D Lo (B®ElIDy ] ++E NI Dy %)

r=1

k k
E[| D5* — Dy(u")[P] < 4p® (Lg2R)* + (L,0)%) D EIIDY P + 49 (Lg,0)* Y E[IGE 1)
r=1 r=1
k

+49° ((Lg2R)* + (L1,0)?) D ENIDE P

r=1

k k
E[| D" = Do (u*)|P] < 4p? ((Lg2R)? + (Ly1)®) D ENDG P14+ 49 (Lga)* D EIIGY™II7)
= r=1

r=1

k
+49% ((Lg2R)* + (Ls,0)*) D E[IDE %)
r=1

Proof. Direction D,

We start from Proposition 5.4.

E[| Dg* — Dy (u"M)|IP) = E[|Dy* — Vyg(y"*,2")|? ]

k
=Y E[|Dy" - Dy P - Z [IVyg(y"",a"") = Vyg(y =tz =]
r=1 r=1
k
< S E[|DY" - D5
r=1
k
<ML
r=1

o1 (PE[IDy" 7] + 2?E[l Dy 1))

where the last inequality comes from the smoothness of each g;.

Direction D, For D,, the proof is almost the same. Proposition 5.4 gives us

=

E[| D5* — Dy(u")||?) Z [IDg" =Dy =H17)

Then, using the boundedness of v and regularity of each g; and F};, we have

E[| Dy — Dy [P < 2(E ||Vyygz(yt’rawt’r)v“ Voygi(yt = at et 2]

[
+E[[ Vo Ej(y"", at") = Vo Byt 2t )
< AE[IV, gy 2 (0" =BT
+E[||(V2ygi( b bty - V2ygz( 7=l ptr=1y)tr=1)2
+(Ly1)* (v ZIE[IID” I+ P*E[IDEHIPT))

(
< A((Lg1)*p*ElIG 7]

(Lg2)* R*(PE[l1Dy" ] +~*EllDz" 7))

(L) (P Dy~ I+ E D))

< d4p? (( 0.2R)% + (Ly1)?) E[I1Dy" %) + 4p® (L1 )*E[1 Gy ]

+497 ((Lg2R)* + (Ly.1)*) B[ DZH) -

+
+

Direction D, The proof is the same as the proof for D,,. O
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B.1.2 A technical lemma for Lemma 5.1

Let ¢y (y,z) = g(y,z) — g(x,y*(x)) the inner suboptimality gap. The proof of Lemma 5.1 is based on
the smoothness of ¢,, which is the object of the following lemma.

Lemma B.3. The function ¢,, has A, -Lipschitz continuous gradient on R? x R¢, for some constant A,,.

Proof. Forany (y,z) € R? x R, we have

Vyoy(y,x) = Vyg(y,x) and V, ¢, (y, ) = Vog(y, x) — Vag(z,y* () .

Let us consider (y,z) € R? x R? and (y',2’) € R? x R% Since Vg is L, ;-Lipschitz continuous, we have
directly

||Vy(by(y,x) - quﬁy(y/,x/)ﬂ < Lg,1||(ya1') - (ylvx/)H .

Moreover, we have

IVaty(y,2) = Vady(y',2')| < [Vag(y, ) = Vag(y', m’)||
+Vag(,y™(2)) = Vag(y™ (), )|
SLg,lll(y,fc)—(y’,x)llﬂLLq, |(,y" (x)) — (v (), 2)]|
< Loall(y,2) = (s 2l + Loa(lly”™ (@) = y™ (@) + e = 2[]) -

From Lemma B.1, y* is L, Lipschitz continuous, so

1Vaty(y,2) — Vady (v, 2")|| < Lgall(y,z) — (v, 2")|| + Lo (ly* (z) — y* ()| + [|]z — 2'))
< Loall@2) — (4,0")| + Lo (Lo + Dz — 2/
< Lga(Ly +2)I(y,2) — (v, &)l -

Asa consequence

Hv¢y(y>x) - V¢y(yl>x/)H S Hvy¢y(y>x) - Vy(by(y/,x/)H + ||V:r¢y<yax) - Vx¢y(y/733/)||
< Lga(Ly- +3)I(y,2) — (v, )| -

Hence, ¢, is A, smooth with A, = L, 1 (L, + 3). O

B.1.3 Proofof Lemma5.2

Recall that we denote

1
\I/(y,v,x) = ivTVEyg(y,x)v + Vyf(y,ac)Tv

and
(Z)U(U,l’) = \I'(y*(x),v,x) - \P(y*(m),v*(a?),x) :

As for Lemma 5.1, the key property we need is the smoothness of ¢,,. The derivatives of ¢, involve the
third derivative of g. For a tensor 7' € RP**P2*Ps and a vector ¢ € RP? we denote (T'|a) the matrix in
RP1*P2 defined by:

ps

E T; j kag
k=1 1<i<p:
1<j<p2

Lemma B.4. The function ¢, has A, -Lipschitz continuous gradient onT' x R?, for some constant A.,.

Proof. Forany (v,z) € T' x R, we have

Vy(;bv(v, (E) = Dv(y*(x),v,x)



B.1. Convergence analysis of SRBA 128

and
Vit (0.2) = (@ (@) |5(Thuagle s @)oo = 5 (Thaglo @)l @) 2)
FV3, 0y @) = V2, ey (@) ()]
+ |5(Thugte g @)oo - 5 (Thugley* @)l (@) @
FVR Sy @) — Vi S,y (@) ()]

Let us consider (v,z) € T' x R and (v, 2') € T x R%. We have

IVyd0(v, ) = Vyou(v',2') | < [IVy,9(x, 5" (2))v — Vi,g(y* ("), )0
+IVyf 2,y () = Vy f(y™(2'), )]

For the first term,

IVay9(a,y™ (@) = Vi,g(y™ ("), &)l < [Vi,g(z,y (@) (v — )]

+(V5y9(z,y" (2)) = V5,9(y" (&), 2"))v'||
+Viyg(y (@), 2") (v =)

Lgallv =o'l + Lg 2(Ly- + D[o"[[[l2 — ]|

<2
< [2Lg1 + Ly 2(Ly- + DR||(v,2) — (v, )]

For the second terms, we use the smoothness of f and the Lipschitz continuity of y* (Lemma B.1):

IVyf @y () = Vy f(y™ (@), 2| < Lyall(z,y"(2) — (y*(2"), 2)|
< Lya(lly™ (@) =y (@) + = = 2"[])

< Lya(Ly- + )le — |
< Lpa(Ly + D, 0) = (270 -
As a consequence
IVydo(v, ) = Vydo (v, 2| < Aal(v, ) = (', ) (B.1)
with
A =Lsi(Ly+1)+2Lg1+ Lgo(Ly- +1)R . (B.2)

To prove the Lipschitz continuity of V..¢,, we remark that V3, g, V3 g are Lipschitz and bounded by
assumption. (v — v) is Lipschitz and bounded on I". Also by Lemma B.1, y* and v* are Lipschitz and
bounded. Finally, dy* is bounded (Lemma B.1) and Lipschitz according to Chen et al. (2021)[Lemma
9]. As a consequence, V¢, is A;-Lpischitz for some constant A, > 0. Hence, V¢, is A,-Lipschitz
continuous with A, = A1 + As.

O

LemmaB.5. Lett > 0. Fork € [q — 1], we have
0< — <1(Ut,k+1 _ Ut,k) + Di,k,vt,k-s-l - ,Ut,k>
p

Proof. The function ¢ being convex (since I' is convex), let us consider its sub-differential
dy(v) ={n e R, Vo' € RP,ip(v') > or(v) + (n,v" — v)}

By definition
. 1
v = arg min(op (v) + %HU — (v"F — pDERY?) .

v
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Using Fermat's rule, we get

1
77(1}t’k+1 . ”Ut’k) o Dz,k c abp(vt’k+1) )
p

We can use the definition of the sub-differential with n = —%(vtvk“ —ob*) — DEF to get

1
LF(Ut7k+l) < LF(’Ut’k) o <(,Ut7k+l o Ut7k) + Dz’k,vt’k—H o vt’k>
—_—— ——

We can now turn to the proof of Lemma 5.2.

Proof. The smoothness of ¢, provides us the following upper bound

d)u(’Ut’kJrl,ZIJt’kJrl) S (bv (Ut’k,dit’k) + <H1"(’Ut’k _ pD’Z,k) _ ’Ut’k,Dq,(y* ($t’k),vt’k,xt’k)> (B3)
A,
ST (0t — pDY) — o2
Ay
- ’7<D§c’ka Vw¢v(vt’kv$t’k)> + ?'YQHD;’,CHQ .

Let us denote A%" = Iy (0% — pDEF) — TIp (vPF — pD, (y* (4F), v'*, z4)). Adding and subtracting
<Hp(vt’k _ pDv(y*(xt’k),vt’k7l‘t’k) _ Ut’k, Dy(y*(:vt’k),vt’k,xt’k»

Ay
+ ?HHF(’Ut’k _ pDv(y*(l't’k),Ut’k,l’t’k) . 'Ut’kHQ
yields

G (T BETL) < g (VBF 2R+ (ATE, D, (v (a8F), vt E 2tF)) (B.4)
+ ZU I — pDy (o (a), 04, 24)) — o
(T = pDy (3 (a),0%,24) = v, D, (3" (@), 0, a5)
n %”Aﬁkw + A (ALY TIr (b — oDy (y* (2F), 01, 2b)) — ubk)

A,
- ’7<Dfn’kv vm¢v(vt7k»$t7k)> + 772HD§:’I€”2 .

Taking p < § gives

¢v (Ut7k+1’xt7k+1) < ¢U(vt,k7xt,k) + <Ai—ik,Dv (y* (mt’k),vt’k,mt’k» (B.5)
1 . .
+ %HHF(’Ut’k - pDv<y*(mt)7vt7k>xt7k)) - Ut’kHQ
+ <H1’*(’Ut’k _ pDv(y*(:Ct’k),’Ut’k,:Ct’k)) _ vt,k, Dv(y*(l’t’k),vt’k,xt’k»

A,
+ FIARI? + Ay (A T (0 — pD, (y* (a"F), v, 2"F)) — vt )
A
=D, Vady (05, 20) + S D

Let . the indicator function of the convex set I'. Similarly to Karimi et al. (2016, Equation 13) we define
foranya > 0and v € R?

D, (v,z,a) = -2« r/réiﬂgp [(Vy(bv(v,x),vl —v) + %Hv’ — |2+ (V) - L[‘(U)]
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Hence, for v € T'and z € R%, we have
1
—gDLF (v,x, p) = (IIr(v — pDy (y*(x), v, ) — v, Dy(y* (), v, x))
1 N
+ ?p”HF(’U - pDv(y (ZL'),U,.’E)) - U||2 .
Therefore, Equation (B.5) can be written as

1
¢v(vt,k+1’xt,k+1) < ¢v(vt,k,mt,k) _ gDLr (,Ut,k’ xt,k’ p)

+ <A2ﬂk7 Dv (y* (l‘t’k), ,Ut,k7 It’k)>

Ay
+ S IAR I + Au(ARS I (08 — pD (y7 (), 0, a4)) — ')
A
7<D;’kvvw¢v(vt’kaxt’k)> + %72”1)316”2 .
By strong convexity of ¢, with respect top v and smoothness, we have

'DLF(’Ut’k,xt’k,Av) 2 2ug¢v(vt’k,$t’k) )

According to Karimi et al. (2016, Lemma 1), D,.(v"*, 2%, -) is an increasing function. As a conse-
quence, since A,, < %, we have D, . (vtv’“,xtv’f, %) > 2440, (vHF, 28F). This leads to

G (P, 2 ) < (1= ppig)pu (v'F, 28F) + (AFE, Dy (y7 (2F), 08, 28F)) (B.6)
A ,
S IAH I + Ao (AR (08 = pDy (7 (24), 0", 24)) — o)
A
YD, Vado (08, 2"0)) + 9| D

The non-expansiveness of I yields

[AEE | < plIDEFE — D, (y* (zbF), vt 2t F) | (B.7)
and
[T (o = pDu(y” (2'4), 0, 2" — o4 || = [T (v — pDy (y* ("*), 0" F, a4)) —TIr (")
el
< pl| Du(y* (aF), "7 2R (B.8)

Moreover, using Equation (B.7) and Young Inequality, we have for any ¢ > 0
N c
(AT Dy (y™ (@), vF,2H)) < 51 Anl* + *IID (y* (=), 08, 2t |12
2
cp * kot
< 7HDt7k —Dy(y (xt,k)’vt,k’zt,k)||2

HD (y* (&%), 0", 2t) = Dy (y* (a"F), v ("), 2'™) |2

=0
cp’ tk w o tky otk o tk\(2

STHDJ _Dv(y (SL‘ ),U’ , L7 )” (Bg)

L971 tk tk

+ 1y O (V"7 27)

Plugging Equation (B.9) into Equation (B.6) with ¢ = 2L -" L yields
L

¢U(Ut’k+1,$t’k+l) < ( /J,Mg) (bv( L ,k) + Ziélpqu},k . Dv(y*(l‘t’k),vt’k,Z‘t’k)H2 (B.10)

g

R0 AHIZ + AARE T (0 = pDy (5 (24), 0%, 24)) ot

A,
YD, Vady (v, a")) + 2% IDH|
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Using Equation (B.7), Equation (B.8) and Young Inequality for d > 0 yields
|2

* d
(AT (0F = pDy(y (), 01, 2)) — o) < A

1 .
+ Q*dHHF(Ut’k —pDy(y ($t’k)avt’k7$t’k)) -v

IA

HD (y" (=), 0"k, 2)?

I /\

L

9

¢v( fath)

Plugging Equation (B.12) into Equation (B.10) with d =
qf)v(vt,k-i-l’xt,k-i-l) < ( PMg) ¢v( k .z s k)

4L91A
n2

g9

£ gives

L 2L, 1A% p3
+|: 971p+ g,1 %P :| ||D1t]’k—Dv(y*<.’17t’k),Ut’k,.’lﬁt’k)||2

T 15
A k
+ S IAR?
A,
YDLE, Tutho (0, 2')) + S92 DEE
Using once again (B.7), we get

pi
by (V1F T gt RFTY < ( g) o (V1 2R
[Lg,lp 2Ly 1 AZp° | Aup
3 2 +
Hg Hg 2

DR, T (0, 24)) + 27
By Lemma B.5, we have for any o > 0
0< —a <;(Ut,k+1 _ytR) Dbk gtk vt,k> '
By adding this to Equation (B.13), we get
Gu(0" 2t < (1= 220) 6, (015 2t )

7||’Ut’k+1 _ Ut,kHQ _ Oé<Df}’k,’Ut’k+1 _ ,Ut,k>

2Lg71A12}p3 A

Lgap
T [ 5 T 2 2
g g

A
HDEE, Tado (0, 2t4)) + 22

d 2
LHDt,k _ Dv(y*(xt’k),vt’k,xt k

ﬂw = Dy (y" (@), v 0t

2
:l ||Df]’k _ Dv(y*(l‘t’k),Ut’k,l‘t’k)||2

2
+ v :l ||Df)’k o Dv(y*(l‘t’k),Ut’k,l‘t’k)”Q

t,k||2

(B.11)

(B.12)

(B.13)

(B.14)
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We can control — (D%*, vtAF1 — %) by Cauchy-Schwarz and Young for some ¢, d, e, f > 0

_ <sz7ka ,Ut,k-‘rl _ ,Ut,k> — _ <Dv(y* (gct’k),vt’k,xt’k), HF(Ut,k _ PDv(y* (l’t’k),vt’k,l't’k) _ ,Ut,k>
* (tik ko tk t,k
_<Dv(y (xt )vvt 7xt )vAH >
o <Df}’k _ Dv(y*(xt’k),'Ut’k,xt’k),ﬂp('l}t’k o pDv(y*(x))) _ ,Ut,k>
_ <Dt,k Dy (y* (@), ik, Y, Aﬂk>

< SUDu" (), 00, )

o T — Dy (" (), 0%, 24)) — o2

T ID (), 0, )P 4 AP

+ 505 = Dy(y* (@), v, 2t P

o ITe(o* = pDy(y* (@), uk, 28)) — ot P

R = Dy (@), 0 s P + Al
< (c—|2—d + 2 (21 n 21€)> 1Dy (5 (255, vtk ) |12

(S () ) 10t Dt
< (C;d + p? <210 + 216)> 22‘%(1}“’“@“’“)

(L2 (554 57) ) IDE = Dulr @) ot a2

Letustakec=d=e = f = p. We get

4L
—(DyF T = oty < g, (008, atE) 4 2p]| D — Doy (), 00, 202

Hg

2

Then, by plugging the last Inequality in Equation (B.14) and setting o« = ‘z , we end up with

Q
¢v(vt,k+17xt,k+l) < (1 _ %p) d)v(vt,k’xt,k) _ ;Hvt,kJrl _ Ut,k:||2

L 2 App 2L, A2
92,1 + Hg + PJF 91 4
p2 ' 16Lgy 2

+p

] 1DV = Dy (y* (x5), v, 257) 2
9

A,
HDGE, Vi (v8F, 2F)) + ijIIDli’kll2

2
15 M
< (1-50) dultath) - BL,y PG I
2
Loa |ty Aop  2Leahip®

%2 T 1L, T2

.‘7

1 1DV = Dy (™ (25), v, 2t7) 2

Ay
DL, Vo (0%, 2)) + 202 [ DL
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. L, 1 . 2
< A g,1 g
Sincep < B, = 0 + 15 7o | min (4 2Ly - yields

n
¢v(vt,k+17xt,k+1) < (1 o §!Jp) qﬁﬂ(vt’k,xt’k) 32L p”gt k||2

L w2
g271 + g

Df),k _ D'U * xt,k‘ ’,Ut,k’xt,k‘ 2
2 16%1] H (1" (@), 0%, at4) |

Ay
— WD, Vb (vF,2"4)) + o [ D

2

Ng) tk otk Hg tk 2
<(1_-"9 L (0P ptky - L9 :
_( P Pu (V7" 2VF) 32Lg’lpllgv |

Ly 1
+60 | =5+ 1o | 1DV — Do)
g g,
2
+6 Lga Hg

+ D, ub*k — Dy (y* bk 7vt,k7xt,k 2
7 16L9J]| (u") = Dy (" (@) I

A,
- 7<D§c’k7 Vm¢v(vt’k7xt’k)> + 772||D:€:’k“2 .

Tacking the expectation conditionally to the past iterates yields

2
By alu (0,2 ] < (1= B20) 000t a4) = gt pBe (1G4 (B.15)

“g
16L, 1

+6

E¢ [l D5* — Dy (u")|?]

s

Lg1
p| =%+
Hyg

1

6
or 16L,

L
5 Er il Do(u'™*) = Doy (@), o, )|

A,
~ Y(Ee D", Vado (v"F, 2"F)) +772Et,k[||Di’k||2] :

From Young inequality, we have for any ¢ > 0

(Ee[DEM, Vado (vF,2")) < B k[ DLF]I? + ¢ Vago (0F, aF)|12 (B.16)

Moreover, using the Lipschitz continuity of y*, of szG and Vr and the fact that v and v* are bounded
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we have

N =

192600201 < 1z = @) [ (Phnatis” @Dlo)e = 3(FHgte v @) @)oo
HIVE, £y @) - 92, f oy ()0 2)]]
+15(Vug(e,y @)oo — 3 (Vingle, y* @)l @) @)
+ IV @) - Ty @) @)
< L. || 5T tuste s @l = v (@) = 5 (Tl @)l @) - v @)
+Lgallo v @)l]
5 Phustes @)l = v (@)o - 4 (Fhualey” @)l @0 - v° (o)
+ Lpallo 0" (@)]

< L. || 5T husta @l - @)

~—

<

+ |5(T sty @l @) - v @) + Lyallo - @]

+ %(Vgug(x, y*(@))|v — v (2))v

+ |3 (Fhngla v @) (@) (o - v*(w))H + Lyallo = v (@)]

b(

< Lo | 292 (o) 4 10 @) o = o @) + Lyallo - “*m'@

hw‘

+ 3’2 (Ioll + o™ @) D llv = o (@) + Ly2flv — o™ (2)]]

< (L + D) [LgeR+ Lol v —v*(z)] -

On the other hand, we have by strong convexity

o —v* (@)]? < jgm(vyx) |

As a consequence, we have

Voo (0", & M2 < L7y (", 2"F) (B.17)

with L/ — 2(L.+1)%[Lg,2 R+Ly]? )
Mg

Plugging Inequalities (B.16) and (B.17) into (B.15) yields

2

o
By klgo (054, 2] < (1= £2p 4 el ) 0, (0%, %) = -2 By 4 [|[GE* |
8 32L,
Ly 1
6 9, g9 E Dt,k _ D’U t,k\ (12
=+ 6p 2 +16Lg,1‘| t,k[ll v (11 )H]

6
+op 16L,

L 1 .
ST 1 Ee il[|Dy(u®") = Dy (y* (), 0"*, aF)|]

Ay
+ LI kD2 + S Ee sl IDEF?) -
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The Lipschitz continuity of V7, G and V,, F and the boundedness of v give us

1D (0) — Doy (@), 0%, 2|2 < (92, 9(s*, )t — V2, gy (), 24yt ¥|
. 2
+||Vyf(yt’k7$t’k) yfy* (@), 25F)])
< (LgaR+Lga)?|ly™* — ( ]k
2(L972R+ Lf71)2

IN

7 ¢y(yt’k7xt’k) .
g

Asa consequence

2
Ee k[ (08 2t F )] < (1 _ e,y CL”’Y) Go(V9F, ) — LRy 1 [IGL" 7] (B.18)
8 32L,,
Ly 1y
6 g, g E Dt,k: o D’L) t,k\ (12

+0p 73 + 6Ly, ek (|1 Dy, (u"")[I7]
Lyx 12 | 2(LgaR+ Lyq)? P

+6p | 2L+ g g L gtk gt
Mg 16Lg’1 ,U/g y( )
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From Lemma B.2, we have
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Taking the total expectation and plugging the previous inequality in Equation (B.18) yields
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Taking ¢ = 6 L,, yields
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Combining Equation (5.19) and Lemma B.2 yields
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We get finally
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B.1.4 Proofof Theorem 5.1

The constants involved in Theorem 5.1 are

_ L s L Oyl
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Proof. The proof is a classical Lyapunov analysis. Consider the following Lyapunov function £** =
LU quﬁi;k + b, L for some positive constants 1, and 1,,. We use use Lemmas 5.1 to 5.3 to upper
bound £tF — £HEFL,

We have
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We bound E[|| D, (u**)||?] crudely by using Proposition 5.2
E[| Ds(u"*)]%] < 2E[|VE(2"*)|?] + 2E[|| Dy (u"*) — V@ (2"*)||?]
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Summing in (B.19) for k = 0,...,q — 1 yields
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Moreover, the conditions p < p < 4/ Ggg’ and y < W‘M ensure that
0. (B.22)
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The conditions
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Plugging Inequalities (B.21) to (B.25) into Equation (B.20) gives
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B.2 Details on the experiments

We performed the experiments with the Python package Benchopt (Moreau et al., 2022)*. For each ex-
periment, we use minibatches instead of single samples to estimate oracles because it is more efficient
in practice. We use a batch size of 64 for the stochastic inner and outer oracles. All the experiments
were performed on processors AMD EPYC 7742 (4 CPUs/experiment).

'The code of the benchmark is available at \Phittps://github.com/benchopt/benchmark_bilevel and the
results are displayed in https://benchopt.github.io/results/benchmark_bilevel.html.


\Phi ttps://github.com/benchopt/benchmark_bilevel
 https://benchopt.github.io/results/benchmark_bilevel.html
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B.2.1 Benchmark on quadratics

For this benchmark, we consider

F) = =S Bl o) = = Y ala

The functions F; and g¢; are defined as
1
Fi(y,z) = fyTAF7z—|— xTAF —|—a:BF7z—|—(d N2+ (dE)Te
1 ) ) ) ) )
9i(y,x) = inAZ'lz + ?CTA% +aBz 4 (A7) 2+ (dg) T

with A7, A% € RP*P, A77, A% € R4, BF B9 € R¥*?, dy % € RP and d;’,d% € R The vectors
ks, d¥% are drawn randomly according to a normal distribution N (0, I;). The vectors dfj ?, dj are drawn
randomly according to a normal distribution A(0, ,,). For the Hessian matrices with respect to z,
we generate AJ' so that DD Agi = A for a symetric positive definite matrix A with spectrum in
[0.1,1]. To do so, we generate z; ~ (0, I,,) and set A% = v/Az;(v/Az;)T. We proceed similarly for A;’,
Agr, A7, For B%, we want 15" | B9 = B for a prescribed matrix B € R¥*? such that || B| = 0.1.
Let B = ULV the singular values decomposition of B. To get BY, we generate z; ~ N(0,I,) and
set B9 = (VXux;)(Ux;)". We proceed similarly for B, In our experiment, we take n = 32768 and
m = 1024. To select the parameters of the solvers, we perform a grid search. More precisely, for each
solver, we take the inner step size in the form of o¢~* where « is the theoretical decrease rate of each
solver, and « is chosen in {0.01,0.1}. The outer step size is taken as ¢~ where b is the theoretical
decrease rate and r is chosen in {0.1,1,10,100}. For the two-loops algorithms (i.e. StocBiO, VRBO,
AmIGO), the number of inner steps is set to 10 after a manual search. In the methods implementing
Neumann approximations (MRBO, VRBO, StocBiO), the number of terms in the Neumann series is
also set to 10, and the scaling parameter 7 is set to 0.5. To get the fastest convergence, we keep for each
solver the set of parameters that give the best decrease of ® on the 100 first epochs. The period of full
batch computation of VRBO and SRBA ¢ is parametrized as ¢ = a”+™ where b = 64 is the batch size
and a is chosen in {276,273 21 23 261, For F2SA, we take Ao = 1 and §; = at~7 with a chosen in
{0.01,0.1,1}.

B.2.2 Hyperparameter selection with [JCNN1

We solve a regularization selection problem for an ¢2-regularized logistic regression problem. Here, we
assume that we have a regularization parameter per feature. We have ni,.;, = 49, 990 training samples
(dirain yirain), ] @0d e = 91, 701 validation samples (dY™, y3™!) ;¢ n,,...) cOming from the JCNN1?
dataset. Mathematically, it boils down to solve Problem (5.1) with f and g given by

Mval

Z(p val dval 9)

nval
1 Ntrain 1 p
9(97/\) — — Z S0( tra1n<dtra1n 0>) 2 Zekkgl%
ram =y k=1

where ¢ is the logistic loss defined by ¢(u) = log(1 + e~*). The inner and outer step sizes are set to
0.05.

To make our comparison, we select the parameters of each solver with an extensive grid search. More
precisely, for each solver, we take the inner step size in the form of ot~ where « is the theoretical
decrease rate of each solver and « is chosen in {275,274,273 272}, The outer step size is taken as
2¢~b where b is the theoretical decrease rate and r is chosen in {1072,107'-5,10~*,107°,10°}. For

Zihttps://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/binary.html


1https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/binary.html
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the two-loops algorithms (i.e. StocBiO, VRBO, AmIGO), the number of inner steps is set to 10 after a
manual search. In the methods implementing Neumann approximations (MRBO, VRBO, StocBiO), the
number of terms in the Neumann series is also set to 10, and the scaling parameter 7 is set to 0.5. To
get the fastest convergence, we keep for each solver the set of parameters that give the best decrease of
® on the 100 first epochs. The period of full batch computation of VRBO and SRBA ¢ is parametrized
as ¢ = ™™ where b = 64 is the batch size and a is chosen in {276,273, 271 2% 26,29}, For F?SA, we
take Ao = 1 and §, = at~ 7 with a chosen in {0.01,0.1,1}.
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CHAPTER O

CONCLUSION AND PERSPECTIVES

6.1 Conclusion

In this thesis, we investigated several aspects of stochastic AID-based algorithms. In particular, we
extended some single-level optimization algorithms to the bilevel setting in the non-convex/strongly
convex setting.

In Chapter 4, we tackled the challenge of stochastic bilevel optimization, exploring how established
techniques for single-level optimization could be adapted to bilevel problems. We introduced a novel
framework to easily adapt stochastic single-level optimization algorithms to bilevel problems when
the outer and inner functions are defined as expectations. This is achieved by proposing dynamics
that are linear in the outer and inner functions, facilitating the design of stochastic estimators for up-
date directions. We proposed and analyzed two instantiations of this framework: SOBA, an adaptation
of the stochastic gradient algorithm to the bilevel setting, and SABA, an adaptation of the variance-
reduced algorithm SAGA. We demonstrated that those algorithms achieved complexity that is analo-
gous to their single-level counterparts in nonconvex settings.

The complexity results of Chapter 4 led us to the question addressed in Chapter 5: does the complexity
bound of single-level optimization transfer to bilevel optimization when the inner function is strongly
convex? We considered the scenario where the outer and inner functions are finite sums and affirmed
this by proving a lower bound on the complexity for solving such problems with algorithms based
on stochastic approximate implicit differentiation. Additionally, we proposed an algorithm whose
complexity matches this lower bound.

From a practical standpoint, we developed a comprehensive benchmark of bilevel optimization algo-
rithms. This open-source benchmark includes a significant number of solvers covering a wide range
of bilevel algorithms. It is designed to be enriched by the community, providing a reference for com-
parison of bilevel solvers and reducing the need to reimplement existing baselines.

6.2 Perspectives

Beyond the contributions of this thesis, several theoretical and practical questions remain open.

» Memory-efficient warm-starting strategies. In the introduction, we highlighted that a key el-
ement for the efficient application of AID-based algorithms is warm-starting the inner and iHVP
sub-procedures. This process, however, requires storing the outputs of the subprocedures at
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each outer iteration. When dealing with high-dimensional inner variables or multiple inde-
pendent inner problems in a bilevel setting, this becomes impractical. Investigating memory-
efficient strategies for warm-starting the sub-procedures, such as learning initializations (Samb-
harya et al., 2024), would be a valuable direction for future research.

» Parameter free methods. As in single-level optimization, bilevel optimization performance
is highly dependent on step sizes. This is all the more difficult as in bilevel optimization, one
might deal with the interaction between several dynamics. Only two papers have investigated
this topic. Fan et al. (2024a) adapt Polyak step sizes to bilevel optimization (Polyak, 1987; Loizou
etal., 2021). Salehi et al. (2023) proposes an inexact line search method for bilevel optimization,
albeit requiring knowledge of the problem’s regularity constants. Recently, much research has
been done on parameter-free optimization methods with promising empirical results (Defazio
and Mishchenko, 2023; Mishchenko and Defazio, 2024; Khaled et al., 2024; Schaipp et al., 2024).
One possible direction would be to adapt these methods to the context of bilevel optimization.

» Understanding AID with non-strongly convex inner functions. Implicit differentiation as-
sumes that the inner function is strongly convex. However, methods using approximate im-
plicit differentiation have shown promising empirical results in deep learning contexts (Grang-
ier et al.,, 2023). It would be interesting to investigate theoretically the performances of AID-
based methods when dealing with a non-strongly convex inner function. What explains these
practical performances? Is there a meaning of applying AID-based methods to bilevel problems
with non-strongly convex inner functions?

» Does gradient-based hyperparameter selection overfit the validation set? The bilevel opti-
mization framework is a natural formalization of this purpose. Moreover, this formalization
enabled the development of efficient gradient-based methods to tune hyperparameters. While
these methods can precisely solve bilevel problems, such precise fitting of the validation set
might lead to overfitting. It would be beneficial to develop generalization bounds that quantify
the risk of overfitting in gradient-based hyperparameter selection.



SUMMARY OF CONTRIBUTIONS

1 Context

Bilevel optimization is a subfield of optimization with more and more applications in machine learn-
ing. Among these applications, there are hyperparameter selection (Pedregosa, 2016; Franceschi et al.,
2018), implicit deep learning (Bai et al., 2019), meta-learning (Rajeswaran et al., 2019), neural archi-
tecture search (Liu et al., 2019), and data augmentation (Cubuk et al., 2019; Rommel et al., 2022).

A bilevel optimization problem is an optimization problem in which some variables are constrained to
be the solution of another optimization problem. Formally, consider f and g two real-valued functions
defined on R% x R%. The bilevel problems we are interested in take the following form:

min ®(z) £ f(z,y*(z)) st y*(r) € argming(z,y) . (6.1)
rERIz yER%Y

The function f is the outer function, and the function g is the inner function. Similarly, the variable x
is the outer variable, and the variable y is the inner variable.

When the inner function g(z, -) is twice differentiable and strongly convex and the outer function f is
differentiable, the Implicit Function Theorem enables to get the following expression of the gradient
of @

Vo(z) = Vaf(z,y* () + Vig(z,y* ()" (@) (6.2)

where v*(z) is the solution of a linear system

vi(z) = — [V2,9(x, 5" ()] Vyf(z,y7 (@) .

The hypergradient given at Equation (6.2) presents two major computational bottlenecks: it requires
the solutions of the inner problem y*(z) and of the linear system v*(x). When the inner problem is
ill-conditioned, this can be dramatically costly.

Moreover, in many machine learning applications, the inner and the outer functions take the form of
empirical means over a potentially large amount of samples

n

1 1 &

fley)=—> filey) and glay) =3 g(n.y) . (6.3)
Jj=1 i=1

When the numbers of samples m and n are large, evaluating the functions f and g and their derivatives

can be costly. In single-level optimization, stochastic algorithms such as SGD (Robbins and Monro,

1951) suit this situation. This explains why we are interested in developing stochastic algorithms for

bilevel problems that use only a handful of samples to progress.
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2 Contributions

2.1 Aframework for bilevel optimization that enables stochastic and global vari-
ance reduction algorithms

In Dagréou et al. (2022a), we propose a general framework to solve the Problem (6.1) without com-
puting exactly the values of y*(z) and v*(z). The idea is to replace y*(x) and v*(z) in Equation (6.2)
by auxiliary variables y and v that move simultaneously with = towards their respective equilibrium
following suitable directions at iteration ¢:

y' =yt = pDy(y' vt at) =yt — p'Vyg(at,y") (6.4)
vt-l-l — ’Ut _ pr(yt,vt7xt) — ’Ut _ pt(szg(ﬁct,yt)vt + Vyf(xt,yt)) (6.5)
gt =at =Dy (y' 0! at) = 2t = (Viyg(at,y o' + Vaf(a',y") (6.6)

where ¢ is the iteration number and p, v > 0 are step sizes. The advantage of considering the directions
D,, D,, and D, is that they are linear in the functions f and g. Therefore, when f and g are empirical
means, these directions can be easily estimated by cheap stochastic estimators. Thus, our general
framework summarized in Algorithm 7 consists of following the dynamics given by the equations (6.4),
(6.5) and (6.6) where the directions D, (y*,v*, z"), D, (y*,v*, 2") and D, (y*, v*, 2") are replaced by cheap
stochastic estimators D}, D}, and D..

Algorithm 7 General framework

Input: initialisations yo € R%, zy € R%, vy € R%, number of iterations 7, step size se-
quences (p!);<r and (v*);<r.
fort=0,...,7T—-1do
Update y: y'™' = ' — p' D}, |
Update v: v'*t! = vt — p!D! |
Update z: 2! = 2t —4!DL |
where Dj,D; and D, are unbiased estimators of D,(y',v', "), D,(y",v",v") and
D, (yt, vt zt).
end for

We propose and analyze two instantiations of this general framework. The analysis of both instantia-
tions relies on the following regularity assumptions that ensure that the value function @ is differen-
tiable with Lipschitz continuous gradient and that the directions D, D,, and D,, are well-behaved.

Assumption 6.1. The function f is twice differentiable. The derivativesV f and V? f are Lipschitz con-
tinuous in (x,y) with respective Lipschitz constants Ly 1 and Ly .

Assumption 6.2. The function g is three times continuously differentiable on R% x R%. For any x ¢
R, g(x, -) is ug-strongly convex. The derivatives Vg, V?g and V3g are Lipschitz continuous in with
respective Lipschitz constants Ly 1, Ly 2 and Ly 5.

Assumption 6.3. There exists Cy > 0 such that for any x we have |V, f(z,y*(x))|| < Cj.

The Lipschitz continuity of the derivatives up to the first order for f and the second order for g is stan-
dard in the literature (Ji et al., 2021; Arbel and Mairal, 2022a). However, to avoid assuming increasing
batch size with the precision (Arbel and Mairal, 2022a), or avoid assuming the resolution of the linear
system up to a precision ¢ in the analysis (Chen et al., 2021; Ji et al., 2021), we assume the Lipschitz
continuity of the derivatives up to the second-order for f and the third-order for g.

We also make the following assumptions on the variance of the stochastic estimators.

Assumption 6.4. There exists B,, B, and B, such that for allt, E,[| D |?] < BZ(1+ ||D,(y",v", z")|?)
and E.[| D}|1?] < BZ(1 + || Dy (yt, 0!, 2%)||*) whereE; denotes the expectation conditionally to (y*, v, zt).
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Assumption 6.5. There exists B, such that for allt, E,[||D.||?] < B2.

StOchastic Bilevel Algorithm (SOBA). The first is SOBA, an adaptation of Stochastic Gradient
Descent (SGD) (Robbins and Monro, 1951) for bilevel problems. It consists of taking for the directions

Dt ygz(x yt)
= V2,0i(@" y" ' + V, £t ")
=V2,9:(a" y" ' + Vo fi(a’, y")

for two randomly sampled indices i € [»] and j € [m].

We provide convergence guarantees for SOBA with fixed step sizes that depend on the horizon (Theo-
rem 6.1). We show that SOBA achieves a convergence rate similar to the convergence rate of SGD for
smooth non-convex single-level problems (Ghadimi and Lan, 2013) in terms of the dependency in 7.

Theorem 6.1 (Convergence of SOBA, fixed step size). Fix an iteration T > 1 and assume that Assump-
tions 6.1 to 4.5 hold. We consider fixed steps p* = © (ﬁ) and~' = © (
outer iterates for SOBA. Then,

ﬁ) . Let (z');>1 the sequence of

1

TZ [IVe(h)|? = o1 2) .

In Theorem 6.2, we provide a convergence rate for SOBA with decreasing step sizes. Again, the rates
we get are similar to the ones obtained for the SGD in the smooth non-convex single-level setting
(Ghadimi and Lan, 2013).

Theorem 6.2 (Convergence of SOBA, decreasing step size). Assume that Assumptions 6.1 to 4.5 hold.
We consider steps pt = © (%) and~* = © ( ) Let (z');>1 the sequence of outer iterates for SOBA.

Then, .
tiggE[HV@(wt)HQ] = O(log(T)T"2) .

Stochastic Averaged Bilevel Algorithm (SABA). The second instantiation we propose is SABA,
an adaptation of the variance-reduced algorithm SAGA (Defazio et al., 2014) for bilevel problems. The
general idea is to replace each sum in the directions D by a sum over a memory, updating only one
term at each iteration. To help with the exposition, we denote the vector of joint variables as z =
(y,z,v). Since we have sums over i and over j, we have two memories for each variable: w! for i € [n]
and w} for j € [m], which keep track of the previous values of the variable y. At each iteration ¢, we
draw two random independent indices i € [n] and j € [m)] uniformly and update the memories. To do
so,weputw; ! = y* and wit' = wl, for#’ # i, and @' = y' and @l = @', for j/ # j. Bach sum in the
directions D is then approximated using SAGA-like rules given n functlons ¢y for i’ € [n], we define

16,0l = Gu(wl ) — 6u(wl) + = > du(wh)

/=1
This is an unbiased estimator of the average of the ¢’s since E; {S (@, w]ﬂ = L5 di(yh).

With a slight abuse of notation, we call V3 gv the sequence of functions (y — V3, gi(x,y)v);c}n) and
V2, gv the sequence of functions (y — V2, g;(x,y)v);ec[n)- Finally, the stochastic directions D}, D!, and
D; used for the SABA algorithm are given by

D; = S[Vyg,w]ﬁ
D! = S[V2 gv,wlt + S[V, f, ~]t»
:S[V2 gu,w)t + S[V,f, ]

Analogously to the SAGA’s analysis, the SABA’s analysis assumes that the regularity assumptions hold
for each f; and g; instead of only the sums f and g.
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Assumption 6.6. For alli € [n] and j € [m], the functions Vg, V f;, V2, g; and V3, g; are Lipschitz
continuous in (z,y).

In Theorem 6.3, we show that SABA achieves a convergence rate in O((n+m)3e1). This rate is similar
to the convergence rate of SAGA for non-convex problems (Reddi et al., 2016) in terms of the depen-
dency on the number of samples and the iteration number.

Theorem 6.3 (Convergence of SABA, smooth case). Assume that Assumptions 6.1 to 6.3 and 6.6 hold.
We suppose p = p' N~3 and -~y = £p, where p' and £ depend only on regularity constants of f and g. Let
(x')¢>1 be the iterates of SABA. Then,

1 a ty]12 21
T;Enww]:o(w )

Finally, in Theorem 6.4, we show the linear convergence of SABA under a Polyak-Lojasiewicz (PL) as-
sumption.

Theorem 6.4 (Convergence of SABA, PL case). Assume that ® satisfies the PL inequality. This means
that there exists a constant ue > 0 such that for any x we have L& ®(z)||* > ®(z) — min, ®(x). We

furthermore assume that Assumptions 6.1 to 6.3 and 4.5 to 6.6 hold. We suppose p = p’N~3 and~ =
&' N1, wherep’ and ¢ depend only on f and g. Let x* the iterates of SABA and ¢ = min (ue, 155 ) With
P’ a constant. Then,

E[®T] — &* = (1 - /y)T(®° — &* + C")

where C° is a that depends on the initialization of y, v, * and memory.

2.2 Alower bound and a near-optimal algorithm for bilevel empirical risk mini-
mization

We consider again Problem (6.1) in the finite sum setting given in Equation (6.3). In the previous,
we show in two specific cases that bilevel algorithms adapted from single-level algorithms could have
complexities similar to their single-level counterparts in the non-convex/strongly convex setting. This
raises a natural question we try to answer in (Dagréou et al., 2024b): Do the lower and upper complex-
ity bounds transfer from the single-level to the bilevel setting?

Upper bound. In the single-level setting, the algorithm SARAH (Nguyen et al., 2017) is known to
be a near-optimal algorithm for the minimization of smooth non-convex finite sums (Nguyen et al.,
2022). We propose an adaptation of SARAH for bilevel problems called SRBA.

Consider the dynamics given by Equations (6.4), (6.5) and (6.6). The SRBA algorithm consists of follow-
ing these dynamics with stochastic estimators of the directions built recursively and reset periodically
with a full batch computation of the directions. The algorithm is summarized in Algorithm 8 where
(y,v,z) = (y, Up(o,r) (v), z) with Il5(y g) the projection on the ball of radius R = sup,cga, ||v* ()|
centered at 0. This projection enables avoiding a boundedness assumption on the iterates v.

The convergence analysis of SRBA relies on the following regularity assumptions. Note that, as op-
posed to the SOBA’s analysis, our regularity assumptions should hold for each f; and ¢, instead of only
the sums f and g.

Assumption 6.7. Forallj € [m], f; is twice differentiable and L o -Lipschitz continuous. Its gradient is
Ly 1 -Lipschitz continuous and its Hessian is L o -Lipschitz continuous.

Assumption 6.8. For alli € [n], g; is three times differentiable. Its first, second, and third order deriva-
tives are respectively L, , -Lipschitz continuous, L, »-Lipschitz continuous, and L, 3-Lipschitz continu-
ous. For x € RY, the function g;(z, -) is u,-strongly convex.

Based on these assumptions, we show the convergence rate of SRBA in Theorem 6.5.
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Algorithm 8 Stochastic Recursive Bilevel Algorithm

Input: initializations iy € R?, zo € R?, vy € RP, number of iterations 7" and ¢, step sizes p
and ~.
Set @” = (yo,vo,xo)

fort =0,. —1do
R%HAZVO(MD()M%Q%M%WW
Update u: ub! =TI(@’ — A®9) |

fork::l,...,q—ldo

Drawi € {1,. n} and j { . ,m}
ALF = p(Dy; (u ) = Dy j(utF1)) + AL
Af}k = p(D v,48,j u® ) Dy ( bk 1)) + AZ’kil
ALE = 5(Dy s (u) = Dy (uh 1)) 4 AL
Update u: ub**+! = II(ub* — ALF)

end for

Set iitt! = uttla

end for

Return (57,97, z7) = @’

Theorem 6.5. Assume that Assumptions 6.7 and 6.8 hold. Assume that the step sizes verify p < p and
~ < min (7, £p) for some constants &, p and~. Then it holds

quZlqzlEnw “HIF=0 ()

t=0 k=0 QT’}/

where O hides regularity constants that are independent fromn and m.

Theorem 6.5 implies that SRBA find an e-stationary point of ¢ after at most O ((n +m)zet v (n+ m))
calls to oracles, for appropriate choice of step sizes p, v and inner loop length q.

Lower bound. We also establish a lower bound result on the number of oracles that are necessary
to solve bilevel problems. For this, one needs to define the function and the algorithm classes we
consider.

For the function class, we consider outer and inner functions that are finite sums with sufficient reg-
ularity to make the value function ® differentiable. This class is formally defined in Definition 6.1.

Definition 6.1. Let n,m two positive integers, Ly, and u, two positive constants. The class of the
smooth empirical risk minimization problems denoted by CZ+1:#s is the set of pairs of real-valued
function families ((f;)1<j<m, (9:)1<i<n) defined on R? x R such that for all j € [m], f; is L;; smooth
and for all 7 € [n], g; is twice differentiable and y,-strongly convex.

The algorithm class we define in Definition 6.2 is a class that includes several stochastic AID-based
algorithms of the literature.

Definition 6.2. Given initial points y°,v°, 20, a linear bilevel algorithm A is a measurable mapping
such that for any ((f;)1<j<m, (¢i)1<i<n) € CL71#9, the output of A((f;)1<j<m, (9i)1<i<n) is a sequence
{(y*, v, 2, it, ji) }+>0 of points (yt, v', ') and random variables i; € [n] and j; € [m] such that for all
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>
=0 y' € y'+Span{V, g, (v°,2°),..., Vg, (v, 2"}
vt € v+ Span{Vy, gi, (y°, 2°)0° + V,, i, (y°, 2°),
Vg, (ot + Vy f, ()}
Tl e :EOJrSpan{Viygio (y°, 290" + Vafio (y°, %),
Vg, (Y + Vo f, (v 2

We can derive a lower complexity bound for bilevel problems with these ingredients. We state the
result in Theorem 6.6.

Theorem 6.6. For any linear bilevel algorithm A, and any LY, n, A, ¢, p such thate < (AL¥m~1)/103,
there exists a dimension d = O(Ae~'mz= LF), an element ((f;)1<j<m, (9i)1<i<n) € CE51s such that the
value function h defined as in (5.1) satisfies ®(2°) — infcpe ®(x) < A and in order to find i € R? such
that E[|V®(2)||?] < ¢, A needs at least 2(mze~1) calls to oracles of the form (5.10).

Rigorously speaking, the function classes considered for the upper and lower bounds are different
does not match. Indeed, for the analysis of SRBA, we need to assume a bit more regularity on the
functions f; and g; to control the dynamic of the variable v. Moreover, the lower bound result is a
partial result since any dependency in the number of inner functions n appears.

2.3 Extensive benchmark of bilevel optimization algorithms

The literature on stochastic bilevel optimization is rich with many variants of algorithms that come
with theoretical guarantees. However, assessing their practical performance is crucial to understand-
ing the benefits and limitations of each method and reinforcing theoretical claims. Many bilevel opti-
mization papers provide empirical results on classical tasks such as hyperparameter selection or data
cleaning. However, the code is frequently unavailable, or if it is available, its documentation is incom-
plete, leading to a lack of reproducibility in the field.

For these reasons, we propose an extensive benchmark of bilevel optimization algorithms on several
tasks. This benchmark has been made with the Python package Benchopt (Moreau et al., 2022), which
is a tool for building standardized and collaborative benchmarks. The code is open source and avail-
able on GitHub !. Also, an HTML page displays the latest results of the benchmark?.

In the benchmark, 17 solvers are implemented:

» 5 stochastic without variance reduction solvers. AmIGO (Arbel and Mairal, 2022a), stocBiO
(Ji etal., 2021), BSA (Ghadimi and Wang, 2018), TTSA (Hong et al., 2023), SOBA (Dagréou et al.,
2022a);

» 6 stochastic solvers with variance reduction. MRBO (Yang et al., 2021), VRBO (Yang et al,,
2021), SUSTAIN (Khanduri et al., 2021), FSLA (Li et al., 2022), SABA (Dagréou et al., 2022a), SRBA
(Dagréou et al., 2024b);

» 3 Hessian-free solvers. BOME (Ye et al., 2022), F2SA (Kwon et al., 2023a), PZOBO (Sow et al.,
2022),

» 2 full-batch solvers based on Jaxopt (Blondel et al., 2021). Jaxopt-GD, Jaxopt-ITD;
» Azero-order solver. Optuna (Akiba etal., 2019).
We consider three tasks: a toy problem with quadratic functions, the hyperparameter selection prob-

lem for ¢?-regularized logistic regression with the JCNN1 and COVTYPE datasets, and the data clean-
ing task with the MNIST dataset.

'the code of the benchmark is available at https://github.com/benchopt/benchmark_bilevel
%the results of the benchmark are available at https://benchopt.github.io/results/benchmark_bilevel.h
tml


https://github.com/benchopt/benchmark_bilevel
https://benchopt.github.io/results/benchmark_bilevel.html
https://benchopt.github.io/results/benchmark_bilevel.html

RESUME DES CONTRIBUTIONS

1 Contexte

Loptimisation bi-niveaux est un sous-domaine de I'optimisation qui a plus en plus d’applications
en apprentissage statistique. Parmi elles, on trouve la sélection d’hyperparametres (Pedregosa, 2016;
Franceschi et al., 2018), 'apprentissage profond implicite (Bai et al., 2019), le méta apprentissage (Ra-
jeswaran et al., 2019), la recherche d’architecture neuronale (Liu et al., 2019) et 'augmentation de
données (Cubuk et al., 2019; Rommel et al., 2022).

Un probléme d’optimisation bi-niveaux est un probléme d’optimisation dans lequel certaines va-
riables sont contraintes a étre la solution d’'un autre probleme d’optimisation. Formellement, consi-
dérons f et g comme deux fonctions a valeurs réelles définies sur R% x R% . Les problémes bi-niveaux
qui nous intéressent prennent la forme suivante :

min ®(z) £ f(z,y"(z)) st y*(z) € argming(z,y) . 6.7)
z€R yER%Y

La fonction f estla fonction externe, et la fonction g est la fonction interne. De méme, la variable z est
la variable externe, et la variable y est la variable interne.

Lorsque la fonction interne g(z, - ) est deux fois différentiable et fortement convexe et que la fonc-
tion externe f est différentiable, le Théoréme des Fonctions Implicites permet d’obtenir I’expression
suivante du gradient de ®

V(x) = Vo f(z,y*(x) + Vi,9(x,y" ()" (x) (6.8)
ol v*(x) est la solution d'un systeme linéaire

vi(z) = — [V2,9(x,y" ()] Vyf(z,y7(2) .

Lhypergradient donné a 'Equation (6.8) présente deux principaux verrous computationnels : il né-
cessite la solution du probléeme interne y*(z) et celle du systéme linéaire v*(z). Lorsque le probléme
interne est mal conditionné, cela peut étre extrémement cotiteux.

De plus, dans de nombreuses applications d’apprentissage automatique, les fonctions internes et ex-
ternes prennent la forme de moyennes empiriques sur un nombre potentiellement grand d’échan-
tillons

)= 3 ey e gy =D gilwy) 6.9)
j=1 i=1
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Lorsque les nombres d’échantillons m et n sont grands, évaluer les fonctions f et g ainsi que leurs
dérivées peut étre coliteux. En optimisation a un seul niveau, des algorithmes stochastiques tels que
la descente de gradient stochastique (SGD) (Robbins and Monro, 1951) sont parfaitement adaptés a
cette situation. Cela explique pourquoi nous nous intéressons au développement d’algorithmes sto-
chastiques pour les problémes bi-niveaux qui utilisent seulement quelques d’échantillons pour pro-
gresser.

2 Contributions

2.1 Uncadre pour'optimisation bi-niveaux qui permet les algorithmes de réduc-
tion de variance stochastiques et globaux

Dans Dagréou et al. (2022a), nous proposons un cadre général pour résoudre le Probleme (6.7) sans
calculer exactement y*(x) et v*(z). L'idée est de remplacer y*(x) et v*(z) dans I'Equation (6.8) par
des variables auxiliaires y et v qui se déplacent simultanément avec z vers leur équilibre respectif en
suivant des directions appropriées a 'itération ¢ :

Y=y —pDy(y' 0" at) =y = p'Vyg(at,y) (6.10)
v =0t = pDy(y' o' o) = 0" = pN (Vi g(at Yt + Vy fa y") 6.11)
ot =at =Dy (Y 0! at) = 2t = (Viyg(at,y o' + Vaf(a',y") (6.12)

ol t est le numéro de l'itération et p, v > 0 sont des tailles de pas. L'avantage de considérer les di-
rections D,, D, et D, est qu'elles sont linéaires dans les fonctions f et g. Par conséquent, lorsque
f et g sont des moyennes empiriques, ces directions peuvent étre facilement estimées par des esti-
mateurs stochastiques peu coliteux. Ainsi, notre cadre général résumé dans I’Algorithme 9 consiste a
suivre les dynamiques données par les équations (6.10), (6.11) et (6.12) ol les directions D, (y*, v*, 2*),
D, (y',v", a") et D, (y*,v", 2") sont remplacées par des estimateurs stochastiques D}, D}, et D.,.

Algorithm 9 Cadre général

Entrée : initialisations iy € R%, 2y € R%, vy € R%, nombre d’itérations T, séquences de
tailles de pas (p')i<7 et (v*)i<r.
fort=0,...,7 —1do
Mise ajourdey : y't! =y — pt D!
Mise a jour de v : v'T = vt — pt D!
Mise a jourde z : z'+! = 2! — 4! D!
out D}, D}, et D!, sont des estimateurs sans biais des directions D, (y*, v, "), Dy (3", v*, v")
et D, (yt, vt at).
end for

Nous proposons et analysons deux instanciations de cet algorithm général. L'analyse des deux instan-
ciations repose sur les hypotheses de régularité suivantes qui garantissent que la fonction valeur ® est
différentiable avec un gradient lipschitzien et que les directions D,, D, et D, peuvent étre controlées.

Hypothese 6.1. La fonction f est deux fois différentiable. Les dérivées ¥ f et V? f sont lipschitziennes en
(x,y) avec des constantes de Lipschitz respectives Ly 1 et Ly 5.

Hypothése 6.2. La fonction g est trois fois continiiment différentiable surR% x R% . Pour toutx € R4,
g(x, ) est u,-fortement convexe. Les dérivées Vg, Vg et Vg sont lipschitziennes avec des constantes de
Lipschitz respectives Ly 1, Ly o et Ly 3.

Hypothése 6.3. Il existe Cy > 0 tel que pour tout x, nous ayons ||V, f(z,y*(x))|| < Cf.

La continuité lipschitzienne des dérivées jusqu’au premier ordre pour f et au deuxiéme ordre pour
g est courante dans la littérature (Ji et al., 2021; Arbel and Mairal, 2022a). Cependant, pour éviter de
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supposer une taille de batch croissante avec la précision (Arbel and Mairal, 2022a), ou d’éviter de
supposer la résolution du systeme linéaire jusqu’a une précision e dans 'analyse (Chen et al., 2021; Ji
et al., 2021), nous supposons la continuité lipschitzienne des dérivées jusqu’au deuxiéme ordre pour
f etau troisieme ordre pour g.

Nous faisons également les hypothéses suivantes sur la variance des estimateurs stochastiques.

Hypothese 6.4. Il existe B, B, et B, tels que pour toutt, E,[||DL[?] < BZ(1+ ||D,(y", v", z")||?) et
E[|| D)%) < B2(1 + || Dy (yt, vt, 21)||?) ot By désigne l'espérance conditionnelle a (yt, v, xt).

Hypotheése 6.5. Il existe B, tel que pour toutt, E,[|| DL ||?] < B2.

Algorithme bi-niveaux stochastique (SOBA - StOchastic Bilevel Algorithm). Le premier est
SOBA, une adaptation de la Descente de Gradient Stochastique (SGD) (Robbins and Monro, 1951)
pour les problémes bi-niveaux. Il consiste a prendre pour les directions

Dy, = Vygi(z",y")
Df} = szgz($t7 yt)vt + vyfj (mt7 il/t)
Di = viygi(ztayt)vt + V:Efj(xtayt)

pour deux indices i € [n] et j € [m] tirés aléatoirement.

Pour SOBA, nous fournissons des garanties de convergence avec des tailles de pas fixes qui dépendent
de I'horizon (Théoréme 6.1). Nous montrons que SOBA atteint un taux de convergence similaire a
celui de SGD pour les problemes non convexes de niveau unique (Ghadimi and Lan, 2013).

Théoreme 6.1 (Convergence de SOBA, pas fixes). Fixons un horizonT > 1 et supposons les Hypootheses
6.1 a 6.5 vérfiées. Pour des tailles de pas fixesp' = © (ﬁ) ety =y avecp = O(/1/T) ety* = © (ﬁ),
les itérés (z');>0 de SOBA vérifient

T

1 _1

TZ]E |V®(zh)|]?] = O(T2) .
t=1

Dans le Théoréme 6.2, nous fournissons un taux de convergence pour SOBA avec des tailles de pas

décroissantes. Encore une fois, les taux que nous obtenons sont similaires a ceux obtenus pour le SGD

dans le cadre non convexe lisse a un seul niveau (Ghadimi and Lan, 2013).

Théoréme 6.2 (Convergence de SOBA, pas décroissants). Supposons que les Hypotheéses 6.1 a 4.5 soient
vérifiées. Nous considérons des tailles de pas p' = © (%) etyt = O ( %) Soit (z');>1 la séquence des
itérés de SOBA. Alors, .

inf E[|V@(2")]*] = O(log(T)T~?) .

Algorithme bi-niveaux stochastique moyenné (SABA - Stochastic Averaged Bilevel Algo-
rithm). La deuxiéme instantiation que nous proposons est SABA, une adaptation de I'algorithme
réduit de variance SAGA (Defazio et al., 2014) pour les problémes bi-niveaux. Lidée générale est de
remplacer chaque somme dans les directions D par une somme sur une mémoire, en mettant a jour
un seul terme a chaque itération. Pour faciliter la présentation, nous notons z = (y,x,v) le vecteur
des variables conjointes. Comme nous avons des sommes sur i et sur j, nous avons deux mémoires
pour chaque variable : wj pour i € [n] et @} pour j € [m], qui gardent la trace des valeurs précédentes
de la variable z. A chaque itération ¢, nous tirons uniformément deux indices indépendants aléatoires
i € [n] etj € [m] et mettons a jour les mémoires. Pour ce faire, nous posons w! ™' = ¢! et wit' = w},
pour i’ # i, et w“r1 =y’ et w“rl = !, pour j' # j. Chaque somme dans les directions D est alors
approximée en utlhsant des regles similaires a SAGA : étant donné » fonctions ¢,; pour i’ € [n], nous
définissons

Sl ult = 6u(wl™) — dilwl) + = 3 duwf)

i'=1
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Ceci est un estimateur sans biais de la moyenne des ¢ puisque E; {S [0, w]ﬂ = L5 bi(yh).

Avec un léger abus de notation, nous appelons sz gv la séquence de fonctions (y — ij 9i(2,Y)0)icm)
et Viy gv la séquence de fonctions (y — nggi(az, Y)v)ic[n)- Enfin, les directions stochastiques Dt Dt
et D! utilisées pour I'algorithme SABA sont données par

D;, = S[Vyg, wl;
Dt = S[Vyygv U)] [ yf7 ]
D! = S|V3, gv,w]} + S[Vaf, @] .

De manieére analogue al’analyse de SAGA, 'analyse de SABA suppose que les hypotheses de régularité
s’appliquent a chaque f; et g; au lieu de seulement aux sommes f et g.

Hypothése 6.6. Pour touti € [n] et j € [m)], les fonctions Vg;, V f;, V3, g; et V2, g; sont lipschitziennes
en(z,y).

Dans Théoreme 6.3, nous montrons que SABA atteint un taux de convergence en O((n + m)3e1).
Ce taux est similaire au taux de convergence de SAGA pour les problemes non convexes (Reddi et al.,
2016) en termes de dépendance au nombre d’échantillons et au nombre d’itérations.

Théoréme 6.3 (Convergence de SABA, cas lisse). Supposons que les Hypotheses 6.1 a 6.3 et ’hypothese
6.6 soient satisfaites. Nous supposons p = p/N~3% ety = &p, oit p/ et & dépendent uniquement des
constantes de régularité de f et g. Soit (x');>1 la suite itératérés de SABA. Alors,

i E[|V®(z)|?] = O (N%Tfl)

Enfin, dans Théoréme 6.4, nous montrons la convergence linéaire de SABA sous une hypothese de
Polyak-Lojasiewicz (PL).

Théoréme 6.4 (Convergence de SABA, cas PL). Supposons que ® satisfait l'inégalité PL, c’est-a-dire qu'il
existe une constante jio > 0 telle que pour tout x nous avons 42 ||®(z)||*> > ®(x) — min, ®(z). Nous

supposons en outre que les Hypotheses 6.1 a 6.3 et 6.5 d 6.6 soient satisfaites. On suppose p = p' N~ 3
ety = &N, ou p et & dépendent uniquement de f et g. Soit (z'):>o la suite des itérés de SABA et
¢ £ min (pe, 16P,) avec P’ une constant. Alors,

E[@T] — ®* = (1 — )T (®° — &* 4 C9)

ot C° est une constante qui dépend de linitialisation dey, v, x et de la mémoire.

2.2 Une borne inférieure et un algorithme quasi-optimal pour la minimisation
du risque empirique a deux niveaux

Nous considérons a nouveau le Probleme (6.7) dans le cas ol f et g sont des sommes finies telles
que dans I'Equation (6.9). Précédemment, nous avons montré dans deux cas spécifiques que des al-
gorithmes bi-niveaux adaptés d’algorithmes a un niveau pouvaient avoir des complexités similaires a
leurs homologues a un niveau dans le cadre non convexe/fortement convexe. Cela souléve une ques-
tion naturelle a laquelle nous essayons de répondre dans (Dagréou et al., 2024b) : Les bornes infé-
rieures et supérieures de complexité se transferent-elles du cadre a un niveau au cadre bi-niveaux?
Borne supérieure. Pour les probléemes a un niveau, I’algorithme SARAH (Nguyen et al., 2017) est
connu pour étre un algorithme quasi-optimal pour la minimisation de sommes finies non convexes
lisses (Nguyen et al., 2022). Nous proposons une adaptation de SARAH pour les problemes bi-niveaux
appelée SRBA.

Considérons les dynamiques données par les Equations (6.10), (6.11) et (6.12). Lalgorithme SRBA
consiste a suivre ces dynamiques avec des estimateurs stochastiques des directions construits de ma-
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Algorithm 10 Algorithm stochastic recursif bi-niveaux (SRBA)

Input : initializations yy € R%, 2y € R%, vy € R%, number of iterations 7" and ¢, step sizes

pand 7.

Seta’ = (yoavo,xo)

fort=0,. —1do
Reset A : At 0= (pD (@ 1), pDy (@), v Dy (@)
Update u: u>! = II(@ — A0) |

fork::l,...,q—ldo
Drawi € {1,. n}andje{l,...,m}

AZ”“ = (Dy,m( M) — Dy, j(u ubF1)) 4 AZ”H
Af}k: (Dv,zd( ) vw( Bk 1) +A5’k71
ALF = 5(Dy i j(u*) — Dy j(0F71)) + ALF!
Update u : ut**! = [I(ut* — AbF)
end for
Set itt! = uttle
end for

Return (57,97, z7) = @’

niere récursive et réinitialisés périodiquement avec un calcul complet par lot des directions. L'algo-
rithme est résumé dans I'’Algorithme 10 ou II(y, v, z) = (y, I p(o,r)(v), z) avec Il (o, ) la projection sur
la boule de rayon R = sup,cpa. [|[v*(x)||? centrée en 0. Cette projection permet d’éviter une hypothese
de bornitude sur les itérations v.

L'analyse de convergence de SRBA repose sur les hypothéses de régularité suivantes. Contrairement a
I'analyse de SOBA, nos hypotheses de régularité doivent s’appliquer a chaque f; et g; au lieu des seules
sommes f et g.

Hypothese 6.7. Pour tout j € [m], la fonction f; est deux fois différentiable et L o -lipschitzienne. Son
gradient est L 1 -lipschitzien continu et son Hessian est Ly - Lipschitzien.

Hypotheése 6.8. Pour touti € [n], la fonction g; est trois fois différentiable. Ses dérivées de premier,
deuxieme et troisieme ordre sont respectivement L, 1 -lipschitzienne, L, »-lipschitzienne et L, 3-lipschit-
zienne. Pour x € R, la fonction g;(z, - ) est u,-fortement convexe.

Sur la base de ces hypothéses, nous montrons le taux de convergence de SRBA dans le Théoreme 6.5.

Théoréme 6.5. Supposons que les Hypotheses 6.7 et 6.8 soient vérifiées. Supposons que les pas vérifient
p < pety <min(7,E{p) pour certaines constantes ¢, p ety. Alors, on a

T—1q-1
1 1
7o ¥ L EIveEP =0 ()
7720 k=0 =7
ot O cache des constantes de régularité qui sont indépendantes den et m.

Théoreme 6.5 implique que SRBA trouve un point e-stationnaire de ® apres au plus
o ((n + m)%a_1 vV (n+ m))

appels aux oracles, pour un choix approprié des tailles de pas p, v et de la taille de la boucle interne q.

Borne inférieure. Nous établissons également un résultat de borne inférieure sur le nombre d’ap-
pels aux oracles nécessaires pour résoudre des problemes bi-niveaux. Pour cela, il est nécessaire de
définir les classes de fonctions et d’algorithmes que nous considérons.

Pour la classe de fonctions, nous considérons les fonctions externes et internes comme étant des
sommes finies avec une régularité suffisante pour rendre la fonction valeur ¢ différentiable. Cette
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classe est formellement définie dans la Définition 6.1.

Définition 6.1. Soient n, m deux entiers positifs, L;; et u, deux constantes positives. La classe des
problémes de minimisation du risque empirique lisse, notée C*+:1:#s, est 'ensemble des paires de fa-
milles de fonctions a valeurs réelles ((f;)1<j<m, (gi)1<i<n) définies sur R% x R telles que pour tout
J € [m], fj est Ly -lisse et pour tout i € [n], g; est deux fois différentiable et p,-fortement convexe.

La classe d’algorithmes que nous définissons dans la Définition 6.2 est une classe qui inclut plusieurs
algorithmes stochastiques basés sur AID de la littérature.

Définition 6.2. Etant donnés les points initiaux 3°, v°, 2°, un algorithme linéaire bi-niveaux A est une
application mesurable telle que pour toute paire ((f;)1<j<m, (i)1<i<n) € CE71#9, la sortie de l'al-
gorithme A((fj)1<j<m, (9i)1<i<n) €st une séquence {(y*, v*, z*, 4, ji) }+>0 de points (y*,v*, z") et de va-
riables aléatoires i; € [n] et j, € [m] telle que pour tout¢ > 0

y'™ € y*+Span{V,g:, (¥°,2°),..., Vygi, (v, 2"}
vitt e U0+Span{V§ygio (y°, 2" + V,, f5, (4°, 2°),
. 7V32;y9i1, (v, 2" + V f;, (v, 2h)}
il e xo—i—Span{ViygiO (y°, 20" + V. £, (v°, 2°),
. Viygit (v, 2" W' + Vi fs, (v 2"}

Nous pouvons en déduire une borne inférieure de complexité pour les probléemes bi-niveaux avec ces
ingrédients. Nous énoncons le résultat dans le Théoreme 6.6.

Théoréme 6.6. Pour tout algorithme linéaire bi-niveau A, et pour tout L*, n, A, ¢, p tels que ¢ <
(ALFm~1)/103, il existe une dimension d = O(Ae~'m2LF), un élément ((f;)i<j<m,(gi)1<i<n) €
Ctivra tel que la fonction valeur h définie comme dans (5.1) satisfait ®(z°) — inf,cge ®(z) < A et
pour trouver & € R tel que E[|V®(2)||?] < &, A nécessite au moins Q(mze=) appels aux oracles de la
forme (5.10).

En toute rigueur, les classes de fonctions considérées pour les bornes supérieure et inférieure sont
différentes et ne correspondent pas. En effet, pour I'analyse de SRBA, nous devons supposer un peu
plus de régularité sur les fonctions f; et g; pour controler la dynamique de la variable v. De plus, le
résultat de la borne inférieure est un résultat partiel puisque toute dépendance dans le nombre de
fonctions internes n apparait.

2.3 Benchmark exhaustif des algorithmes d’optimisation bi-niveaux

La littérature sur 'optimisation bi-niveaux stochastique est riche de nombreuses variantes d’algo-
rithmes accompagnées de garanties théoriques. Cependant, évaluer leur performance pratique est
crucial pour comprendre les avantages et les limites de chaque méthode et pour renforcer les résultats
théoriques. De nombreux papiers sur I'optimisation bi-niveaux fournissent des résultats empiriques
sur des taches classiques telles que la sélection d’hyperparametres ou le nettoyage des données. Ce-
pendant, le code est souvenet indisponible ou, lorsqu’il est disponible, sa documentation est incom-
pléte, ce qui conduit 8 un manque de reproductibilité dans le domaine.

Pour ces raisons, nous proposons un benchmark exhaustif des algorithmes d’optimisation bi-niveaux
sur plusieurs taches. Ce benchmark a été réalisé avec le package Python Benchopt (Moreau et al., 2022),
qui est un outil permettant de construire des benchmarks standardisés et collaboratifs. Le code est ou-
vert et disponible sur GitHub®. De plus, une page HTML affiche les derniers résultats du benchmark”.

Dans le benchmark, 17 solveurs sont implémentés :

3Le code du benchmark est disponible a https://github. com/benchopt/benchmark_bilevel
“Les résultats du benchmark sont disponibles a https://benchopt.github.io/results/benchmark_bilevel
.html


https://github.com/benchopt/benchmark_bilevel
https://benchopt.github.io/results/benchmark_bilevel.html
https://benchopt.github.io/results/benchmark_bilevel.html
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>

>

>

5 solveurs stochastiques sans réduction de variance. AmIGO (Arbel and Mairal, 2022a), stoc-
BiO (Ji et al., 2021), BSA (Ghadimi and Wang, 2018), TTSA (Hong et al., 2023), SOBA (Dagréou
et al., 2022a); item 6 solveurs stochastiques avec réduction de variance. MRBO (Yang et al,,
2021), VRBO (Yang et al., 2021), SUSTAIN (Khanduri et al., 2021), FSLA (Li et al., 2022), SABA
(Dagréou et al., 2022a), SRBA (Dagréou et al., 2024b);

3 solveurs sans Hessienne. BOME (Ye et al., 2022), F2SA (Kwon et al., 2023a), PZOBO (Sow
etal., 2022);

2 solveurs déterministes basés sur Jaxopt (Blondel et al., 2021). Jaxopt-GD, Jaxopt-ITD;

Un solveur d’ordre zéro. Optuna (Akiba et al., 2019).

Nous considérons trois taches : un probleme jouet avec des fonctions quadratiques, le probleme de
sélection d’hyperparametres pour la régression logistique régularisée par régularisation ¢ avec les en-
sembles de données IJJCNN1 et COVTYPE, et la tache de nettoyage des données avec le jeu de données
MNIST.
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PUBLICATIONS

International conferences.

As first author:

» Dagréou et al. (2022a): M. Dagréou, P. Ablin, S. Vaiter, and T. Moreau. A framework for bilevel
optimization that enables stochastic and global variance reduction algorithms. In Advances in
Neural Information Processing Systems (NeurIPS), 2022;

» Dagréou et al. (2024b): M. Dagréou, T. Moreau, S. Vaiter, and P. Ablin. A Lower Bound and a
Near-Optimal Algorithm for Bilevel Empirical Risk Minimization. In International Conference
on Artificial Intelligence and Statistics (AISTATS), 2024.

As a middle author:

» Moreau et al. (2022): T. Moreau, M. Massias, A. Gramfort, P. Ablin, P-A. Bannier, B. Charlier,
M. Dagréou, T. D. la Tour, G. Durif, C. E Dantas, Q. Klopfenstein, J. Larsson, E. Lai, T. Lefort,
B. Malézieux, B. Moufad, B. T. Nguyen, A. Rakotomamonjy, Z. Ramzi, J. Salmon, and S. Vaiter.
Benchopt: Reproducible, efficient and collaborative optimization benchmarks. In Advances in
Neural Information Processing Systems (NeurIPS), 2022.

National conferences.

» Dagréouetal. (2022b): M. Dagréou, P. Ablin, S. Vaiter, and T. Moreau. Algorithmes stochastiques
etréduction de variance grace a un nouveau cadre pour I'optimisation bi-niveaux. In XXVIlIeme
Colloque Francophone de Traitement Du Signal et Des Images GRETSI, 2022

» Dagréou et al. (2023): M. Dagréou, T. Moreau, S. Vaiter, and P. Ablin. Borne inférieure de com-
pléxité et algorithme quasi-optimal pour la minimisation de risque empirique bi-niveaux. In
XXIXeme Colloque Francophone de Traitement Du Signal et Des Images GRETSI, 2023

Miscellaneous.

We also wrote the following blogpost on the computation of Hessian-vector products. It was published
in the blogpost track of ICLR 2024:

» Dagréou et al. (2024a) M. Dagréou, P. Ablin, S. Vaiter, and T. Moreau. How to compute Hessian-

vector products?, In ICLR blogpost track, 2024, https://iclr-blogposts.github.io/2024/bl
og/bench-hvp/.
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cal structure. In these problems, one wants to
minimize an outer function under the constraint
that some variables minimize an inner function.
These problems are gaining popularity in the
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two instantiations of this framework: an adapta-
tion of the stochastic gradient descent and of the
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