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Abstract

Two-level stochastic optimization formulations have become instrumental in a number of
machine learning contexts such as continual learning, neural architecture search, adversarial
learning, and hyperparameter tuning. Practical stochastic bilevel optimization problems
become challenging in optimization or learning scenarios where the number of variables is
high or there are constraints.

In this paper, we introduce a bilevel stochastic gradient method for bilevel problems with
nonlinear and possibly nonconvex lower-level constraints. We also present a comprehensive
convergence theory that addresses both the lower-level unconstrained and constrained cases
and covers all inexact calculations of the adjoint gradient (also called hypergradient), such as
the inexact solution of the lower-level problem, inexact computation of the adjoint formula
(due to the inexact solution of the adjoint equation or use of a truncated Neumann series),
and noisy estimates of the gradients, Hessians, and Jacobians involved. To promote the
use of bilevel optimization in large-scale learning, we have developed new low-rank practical
bilevel stochastic gradient methods (BSG-N-FD and BSG-1) that do not require second-order
derivatives and, in the lower-level unconstrained case, dismiss any matrix-vector products.

1 Introduction

Many real-world applications are naturally formulated using hierarchical objectives, which are
organized into different nested levels. In the bilevel case, the main goal is placed into an upper
optimization level, while the lower optimization level aims to determine the best response to
a decision made in the upper level. Bilevel optimization has a rich literature of algorithmic
development and theory (see [1, 11, 14, 15, 58, 63| for extensive surveys and books on this topic).
The main applications are found in game theory, defense industry, and optimal structural design,
and one has recently seen a surge of contributions to machine learning (ML) (see, e.g., [21, 34],
and the recent review [35]).
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In this paper, we consider the following nonlinear bilevel optimization problem (BLP) for-
mulation, where we are using a standard notation (see, e.g., [14, 58, 63])

min fulz,y)

zeR", yeR™
st. xe X BLP
y € argmin  fy(z,y).
y€eY (z)

The goal of the upper-level (UL) problem is to determine the optimal value of the UL function f, :
R™ x R™ — R, where the UL variables z are subjected to UL constraints (z € X) and the lower-
level (LL) variables y are subjected to being an optimal solution of the LL problem. In the LL
problem, the LL function f, : R x R”™ — R is optimized in the LL variables y, subject to
the LL constraints y € Y (z). We will state the assumptions required for stochastic gradient
descent in Subsection 3.1. We will assume f, to be continuously differentiable in (x,y) and f;
to be twice continuously differentiable in (x,y). We will also assume the LL problem to be
well-defined, in the sense that an LL optimal solution y(x) exists and is unique for all z € X.
Hence, problem BLP is equivalent to a problem posed solely in the UL variables:

min f(z) = fu(z,y(z)) st. zeX. (1.1)
zeR"
Also, note that the UL constraints (z € X) are only posed in the UL variables x as otherwise
problem BLP could become intractable due to a disconnected feasible region in the (x,y)—
space. The set X will be assumed equal to R” when dealing with a nonconvex f, and equal
to an arbitrary closed and convex set when dealing with a strongly convex or convex f (which
includes R™ as a special case). We will ensure UL feasibility by applying orthogonal projections
within stochastic gradient type methods.
Assuming V2, fo(x,y(x)) is non-singular (again, see Subsection 3.1 for the statement of the
assumptions), the gradient of f at x, when Y (z) = R™, is given by the well-known so-called
adjoint gradient (also called hypergradient in the ML community)

Vf — meu - V?:yffvzyfﬂ_lvy.ﬂl? (12)

where all gradients and Hessians on the right-hand side are evaluated at (z,y(x)). We denote
the steepest descent direction for f at x as d(z,y(z)) = —V f(z). One arrives at the adjoint
formula by first applying the chain rule to f,(z,y(x)) to obtain

Vf = Vefu+ VyVyfa. (1.3)

Then, the Jacobian Vy(z)' of y(x) can be calculated through the (sensitivity)
equations V fe(z,y(x)) = 0. The implicit function theorem ensures y(-) to be continuously
differentiable [51]. By taking the derivative of both sides of the equation with respect to x and
utilizing the chain rule, we obtain V?ﬂ g+V§y 'Vy ' = 0 (all Hessians are evaluated at (x, y(z))),
which yields

Vy = Vi, fiVy,fi (1.4)

Two approaches have been proposed in the literature to deal with ng in Lin (1.2). One
option is to compute the adjoint gradient by first solving the linear system given by the adjoint



equation ngfg A =V, fy for the adjoint variables A = A(z,y(x)), and then calculating V, f, —
V?,;y fe A The second option is to truncate the Neumann series given by ijy In 1 = Yoo —
ng fe)?, which, however, requires either the strong assumption of ||V22/y fell2 < 1 or the knowledge
of a bound on the second derivatives to guarantee the convergence of the series.

When Y (z) # R™, it is still possible to use an adjoint formula to compute the gradient of f
at x by using sensitivity arguments from nonlinear programming. Such an LL constrained case
will be addressed in Section 2.2.

1.1 Bilevel machine learning

A variety of problems arising in machine learning can be formulated in terms of bilevel optimiza-
tion. Continual learning, neural architecture search, adversarial training, and hyperparameter
tuning are among the most popular examples (see [35] for a review on this topic).

Continual Learning (CL) aims to train ML models when the static task usually considered in
learning problems (classification, regression, etc.) is replaced by a sequence of tasks that become
available one at a time [37], and for which training and validation datasets are increasingly
larger. For each task, a CL instance is formulated as a bilevel problem, where at the UL
problem one minimizes the validation error on a subset of model parameters (which includes
all hyperparameters), and at the LL problem the training error is minimized on the remaining
parameters. Then, a sequence of bilevel problems (one for each task) is solved. In a sense, CL
is close to meta-learning [28], where the goal is to determine the best learning process. The
increasing interest in CL is motivated by the demand for approaches that help neural networks
learn new tasks without forgetting the previous ones, a phenomenon which is referred to as
catastrophic forgetting [22, 26, 41, 60]. Another relevant ML area where bilevel optimization
is used is Neural Architecture Search (NAS) for Deep Learning. The goal of this problem
is to automate the task of designing Deep Neural Networks (DNNs) such that the network’s
prediction error is minimized. In recent years, NAS has been proposed in a bilevel optimization
formulation [34].

Finally, two other popular classes of ML applications that can be formulated by using bilevel
optimization are adversarial training and hyperparameter tuning. Adversarial training aims to
robustly address adversarial examples [61] which cannot be correctly classified by ML models
once a small perturbation is applied. The adversarial training problem is handled by solving
a min-max problem [30], which can be reformulated as a bilevel one. The max/LL problem is
posed on the variables that perturb the data in a worst-case fashion, where the min/UL problem
attempts to minimize the training error on the ML model parameters [25, 40]. Hyperparameter
tuning aims to find the best values for the hyperparameters used in an ML model in order to
increase its performance on unseen data [3, 6, 16, 21]. In the bilevel formulations proposed in
the literature, the UL problem optimizes the validation error over the hyperparameters, while
the LL problem has the goal of finding the ML model parameters (e.g., neural network weights)
that minimize the training error.

1.2 Bilevel stochastic descent

In bilevel stochastic optimization, f, and f; can be interpreted as expected values, namely,
fu = E[fulz,y,9")] and f; = E[fe(z,y, 9")], where 9* and 9 are random variables defined in a
probability space (with probability measure independent from z and y) such that i.i.d. samples



can be observed or generated. The same applies to the functions defining Y (x) when Y (x) # R™.
(To keep the notation simple, we are using the same f,, and f; for deterministic and random
variants. )

Having in mind ML applications, the methods that we are considering are Stochastic Ap-
proximation (SA) techniques, of the type of the stochastic gradient (SG) method [10, 50, 53] for
single-objective optimization. In fact, the bilevel stochastic gradient (BSG) method can be seen

as an SG method applied to (1.1), which leads to zy+1 = xf — akgESG, where ay, is the step size

or learning rate and gESG is a stochastic gradient of f. Such a stochastic gradient is obtained
by sampling the gradients and Hessians in (1.2) at (x, yx), with g5 denoting an approximation
to the LL optimal solution. The stochastic gradient gESG is inexact when g # y(x), even in
the full-batch (deterministic) case.

In general, BSG methods have mainly been considered for the LL unconstrained case (i.e.,
Y (xz) = R™) and are commonly classified according to the approach used to compute the BSG
direction gESG [35]. In particular, a first category, referred to as implicit differentiation, is
composed of algorithms that compute the BSG direction by applying the implicit function
theorem and either solving the adjoint equation [46] or using a truncated Neumann series to
approximate the inverse Hessian ng fo ! [38]. Note that using a truncated Neumann series
requires ||V32/y fell2 < 1, which is a strong assumption. Therefore, a common approach is to first
assume V), fy Lipschitz continuous in y with constant Cy, and then apply the truncated Neumann
series to approximate [(1/Co)V3Z, fi]~'. However, this requires the knowledge of Cp, which is
typically unknown in practice. A second category, referred to as iterative differentiation, includes
all the approaches based on automatic differentiation through dynamic systems [17, 21, 39].

A general convergence theory for the two classes of algorithms was proposed in [29], which
also shows that computing the BSG direction by using automatic differentiation can be less
computationally efficient than using an implicit differentiation method. Therefore, our paper
focuses on the first category, which has been promoted in [9, 12, 13, 24, 27, 59] (see also [7, 35] for
recent reviews). These existing approaches either focus on a specific problem structure or require
the LL problem to be solved to optimality at each iteration or rely on a truncated Neumann series
for the inverse Hessian approximation in the adjoint gradient, which has the issues mentioned
before. Among all the algorithms proposed in the papers cited above, we emphasize StocBiO [29).
StocBiO employs a truncated Neumann series with automatic differentiation and a double-loop
iterative scheme, which means that multiple iterations are required at the LL problem in order
for the algorithm to converge, similar to the algorithms developed in our paper.

DARTS [34] is an optimization technique related to the BSG method and has enjoyed great
popularity in NAS. It always considers an inexact solution to the LL problem, and it starts an
iteration by applying one step of SG to the LL problem, §; = yr — nVy fe(2k, yr), where n is a
fixed step size. Then, it displaces the UL variables using xx11 = zp — 1 g,?ARTS, where g,?ARTS
is computed by applying the chain rule to V,f,(z,y — nVyfi(z,y)), leading to (when using
full-batch gradients)

g M = Vo fulww, ) = 0V oy fe(@r ye) Vo fu(@n, e)- (1.5)
However, in the full-batch (deterministic) case, gEARTS may not be a descent direction. The

matrix-vector product in (1.5) is approximated by finite differences, rendering DARTS free of
both second-order derivatives and matrix-vector products (see Section 5.2).

All the papers cited above focus on the LL unconstrained case. A few approaches dealing
with the LL constrained case have been very recently proposed to tackle bilevel problems with LL



constraints. However, all these approaches are only applicable to linear constraints or constraints
only depending on y [31, 33, 57, 62, 64]. Among the algorithms proposed, we highlight SIGD [31],
which determines a direction by applying the implicit function theorem (similar to the approach
that we use) but can only be applied to bilevel problems with linear LL constraints in y. SIGD
is based on a perturbation-based smoothing technique that involves adding a linear random
perturbation term to the LL objective function, ensuring that y(z) is differentiable without
requiring the strict complementarity slackness condition for the LL problem. Such an approach
relies on the assumption of linear LL constraints in y, whereas our paper addresses problems
with general nonlinear LL constraints in (z,y). Convergence of SIGD was proved under the
assumptions of strong convexity, convexity, and weak convexity of f.

1.3 Contributions of the paper

The first main contribution of this paper is a general framework for the BSG method that
applies to both the LL unconstrained (Y (x) = R™) and constrained (Y (x) # R™) cases. In
particular, our paper represents the first work that proposes a method to address the general
nonlinear and possibly nonconvex LL constrained case, which has not been covered elsewhere,
neither algorithmically nor theoretically, although important ML applications give rise to bilevel
problems with LL constraints.

The second main contribution is a comprehensive convergence theory for the BSG method
that applies to both the LL unconstrained and constrained cases and is grounded on sensitivity
principles of nonlinear optimization. The sensitivity arguments used in this paper are easily
satisfied in all practical scenarios that have been proposed for ML applications requiring bilevel
optimization. Our theory also comprehensively covers all possible inexact settings such as the
inexact solution of the LL problem, inexact computation of the adjoint formula (due to the inex-
act solution of the adjoint equation or use of a truncated Neumann series), and noisy estimates
of the gradients, Hessians, and Jacobians involved. Since the convergence analysis proposed is
abstracted from the specifics of the approach used to handle the inverse matrix in the adjoint
formula (1.2), our theory unifies two different classes of BSG methods, i.e., the ones based on
the adjoint equation and the ones based on the truncated Neumann series, which have been
studied separately [24, 46].

Moreover, to deal with the second-order derivatives and inverse Hessians/Jacobians in the
adjoint formulas for the LL unconstrained and constrained cases, we developed two new low-
rank practical implementations of the BSG method that can be applied to solve large-scale
optimization problems arising in ML applications. The first one, referred to as BSG-N-FD,
consists of solving the adjoint equation by using an iterative method (CG or GMRES) equipped
with finite differences to dismiss any Hessian-vector products, and is grounded on theoretical
principles. The second one, referred to as BSG-1, uses rank-1 Hessian approximations to avoid
explicitly solving the adjoint equation (also dismissing any matrix-vector products). The use of
these rank-1 approximations is inspired by Gauss-Newton methods for nonlinear least-squares
problems [45] and also from the fact that the empirical risk of misclassification in ML is often
a sum of non-negative terms, matching a function to a scalar which can then be considered in
a least-squares fashion [4, 23]. Similar to DARTS [34] (which is extremely popular for NAS),
BSG-1 is also not grounded on theoretical principles. However, both methods perform well on
continual learning instances in terms of training iterations and computational time.



1.4 Organization of this paper

This paper is organized as follows. In Section 2, we describe the BSG method for the LL
unconstrained case and introduce it for the LL constrained case. The assumptions on the prob-
lem functions and inexact calculations required for the convergence analysis of the method are
reported in Section 3. Section 4 presents the convergence rates for the nonconvex, strongly con-
vex, and convex cases. Numerical results for synthetic quadratic bilevel problems and continual
learning instances with or without LL constraints are analyzed in Section 5, which also describes
the practical BSG-N-FD and BSG-1 algorithms. Finally, in Section 6 we draw some concluding
remarks and propose ideas for future work. By default, all norms || - || used in this paper are
the /5 ones.

2 The bilevel stochastic gradient method

In this section, we introduce the bilevel stochastic gradient (BSG) method for solving stochas-
tic BLPs. Let {0 }x>0 and {sf}x>0 be sequences of independent random variables for LL
gradient, Hessian, and Jacobian evaluations for the LL unconstrained and constrained cases,
respectively. Similarly, let {}},>¢ be a sequence of independent random variables for UL gra-
dient evaluations. A realization of 19%, gﬁ, and ¥} can be interpreted as a single sample or a batch
of samples for mini-batch SG. For compactness of notation, let us set & = (19};,1%;) in the LL
unconstrained case (Y (z) = R™), and & = (9¥%,sf) in the LL constrained case (Y (x) # R™).
All the assumptions included in this section will be rigorously stated in Subsection 3.1.

2.1 The unconstrained lower-level case

Given (zg, gk ), we denote by g (zk, Ik, %), gy (T, Uk, V), and gf(azk, Tk 19%) the stochastic gradi-
ent estimates that approximate V fy(zk, k), Vyfu(Zk, Ui), and Vy fi(zk, i), respectively. The

same notation applies to the stochastic Hessian estimates: Hﬁy(xk,gjk,ﬁi) and Hgy(azk, gk,ﬁi)

approximate ng fo(zk, gr) and sz foe(zk, Ur), respectively. Based on Assumption 3.4, which
will be stated in Subsection 3.1.1, Vf,y fe and Hﬁy are non-singular at all points. In the LL
unconstrained case (Y (z) = R™), an approximate (negative) BSG (denoted as —g25% in Sub-
section 1.2) can be computed directly from the adjoint formula (1.2), as follows:

A, T €)= — (02 s G 03) — HEy (s T O HYy (ops B, 0) g3 (oG 01)) - (21)

The data in the formula (1.2) is referred to as D(x,y) or D(x,y(x)), depending on the point
where the gradients and Hessians are evaluated:

‘D(xv y) = (vctfu(x7 y)7 vyfu(x7 y)? viyff(x7 y)7 vzyfﬁ(xa y)) . (22)
The data in the calculation (2.1) is referred to as D(z, Uk, &k ):
D(ﬂl’k, Yk gk) = (gg(xk’a Yk ?9%)? g;j(xka Yk 19%)7 Hﬁy(;vk‘a Yk 19;;)’ Hgfy(xkh Yk 0%)) : (23)
Note that in (2.1), d(zg, gk, k) can be seen as a function of the data D(zy, Jk, &) as follows:

d(@k, U, k) = d(D(k, Y, &k)), (2.4)



where we are using overlapping notation for d(-) for the sake of simplicity and because we believe
it is more powerful and effective than using a different letter.

As mentioned in Subsection 1.3, our practical implementation BSG-N-FD will solve the
adjoint equation ny(mk,y]k, PN = 9y (T, Ui, V)t) by using an iterative method equipped with
finite differences (see Subsection 5.1.1). The BSG-1 method will use rank-one approximations
for Hf,y(xk,yjk,ﬂi) and ny(xk,gjk,ﬁf;), and then solve the resulting adjoint equation in the
least-squares sense (see Subsection 5.1.2).

2.2 The constrained lower-level case

Let us now handle the LL constrained case, in which we consider
Y(z) = {y e R" | ¢i(z,y) <0, i €1, and ¢;(z,y) =0, i € E},

where I and E are two finite sets of indices. As stated in the assumptions of Subsection 3.1.2,
each constraint function ¢; is assumed twice continuously differentiable in (z,y), for alli € TUE.
Denoting cr(z,y) = (¢i(x,y), i € I) and cg(x,y) = (ci(z,y), ¢ € E), the Lagrangian function
of the LL problem is defined as Lo(x,y,2) = fi(z,y) + cr(x,y) 21 + cp(z,y) " 25, where z;
and zg are Lagrange multipliers and z = (z1,zg). We will also assume in Assumption 3.7
of Subsection 3.1.2 that there exists a y(z) satisfying the LL KKT conditions with associated
multipliers (z7(z),zg(x)) such that the gradients of the active constraints are linearly inde-
pendent (LICQ), the strict complementarity slackness condition (SCS) is satisfied, and the
second-order sufficient optimality conditions (SOSC) hold. Under such assumptions, it is well
known that the Lagrange multipliers z;(z) and zg(z) associated with y(z) are unique and
the vector function v(z) = (y(x),zr(x), zp(x))", for any given x, is once continuously dif-
ferentiable [18, 19, 20, 42]. Moreover, we can write the first-order KKT system for the LL
problem (see [18]) as

Vyfo(,y(x)) + Vyer(z,y(2)) 21(z) + Vyer(, y(2)) zp(x) =0,
z1(x) o er(x, y(x)) =0, (2.5)
ce(@,y(x)) =0,

where o is the element-wise multiplication operation of two vectors. Note that, in addition
o (2.5), the LL KKT conditions require the non-negativity of the Lagrange multipliers z7(x)
and the satisfaction of the inequality constraints, i.e., z7(x) > 0 and ¢;(x, y(z)) <0, for all i € I.
We do not include such conditions in (2.5) because they are not required for deriving the adjoint
gradient that we present in (2.8) below.
For any given z, we can rewrite the KKT system (2.5) as G(z,v(x)) =

ing a corresponding vector function G. Applying the chain rule to G(z,v(z)
tain V,G Vo = —VIGT, with

0 by introduc-
) = 0, we ob-

Vzmﬁg szﬁg Vyer Vyce
VxGT = | zro V$CIT and VvGT = | Zro Vyc}r CI 0 ) (26)
chg vycg 0 0

where the Hessian of Ly is evaluated at (x,y(z),2s(z), 2p(z)), the Jacobian matrices V,c],
Vach, Vycl, and Vycj, are evaluated at (z,y(z)), C; is a diagonal matrix whose elements are



given by c7(x,y(x)), and zj o chIT is a matrix obtained by multiplying the entries of z; by the
corresponding rows of VgcclT (a similar explanation applies to zj o VycIT).

Since under Assumption 3.7 in Subsection 3.1.2, the Jacobian V,,G'" is non-singular at (x, v(z))
(see [42, 45]), we obtain

Vo = (Vy,VZ],VZE) = —VxGVUGfl.

We can now pull out the columns of this system that correspond to the Vy(z) term by intro-

ducing an appropriate matrix L = (Im O)T, where I, is an identity matrix of size m and 0 is
a null matrix of size m x (|I| + |E|), yielding

Vy(z) = -V,GV,G L. (2.7)

Substituting (2.7) into (1.3), we obtain the following adjoint gradient for the LL constrained
case:

Vf = Vaifu— V.GV,G 'LV, f,, (2.8)

where the gradients of f,, with respect to x and y are evaluated at (z,y(z)), while the Jacobians
of G with respect to = and v are evaluated at (z,v(z)). The negative adjoint gradient provides
the steepest descent direction for f at x in the deterministic case. Note that one can deal with
the inverse Jacobian in (2.8) by applying the same approaches used for the LL unconstrained
case, i.e., solving the adjoint equation or using a truncated Neumann series (see Subsection 2.5).

Similar to the notation used for the LL unconstrained case in Subsection 2.1, given (xy, 0),
with o, = (Jk, (21)1, (2E);), the Jacobian estimates Qw(xk,f)k,gﬁ)T and gy(xk,f)k,gﬁ)T approx-
imate V,G(zy,0) and V,G(zk,0x)", respectively. Based on Assumption 3.8 in Subsec-
tion 3.1.2, V,G and G, are non-singular at all points. An approximate (negative) BSG can
be computed directly from the adjoint formula (2.8), as follows:

Ay, O &) = = (95 @hs G 05) = Galps Ty o) Golwn, By o) 'Ll s V5) ) - (29)

The data in (2.8) is referred to as D(x,v) or D(x,v(z)), depending on the point where the
gradients, Hessians, and Jacobians are evaluated:

D(z,v) = (Vaofulz,y), LVyfu(z,y), Vo.G(z,v), V,G(z,0)). (2.10)

The data in calculation (2.9) is now referred to as D(xy, Uk, &k):

D(wg T, &) = (92 (@rs G ), LG5 s s U5, Golns Ty sb)s Golons Brosh)) - (211)

Again, note that in (2.9), d(xg, 0, &) can be interpreted as a function of the data D(zy, Ok, &)
(see the explanation for (2.4)).

It is worth mentioning that an alternative approach to obtain a direction colinear with the
negative gradient of f in the LL constrained case was proposed in [55]. However, such an
approach requires solving an auxiliary linear-quadratic bilevel problem, which is not practical in
terms of solving large-scale ML application problems. Also, the approach in [55] does not yield
the exact size of the gradient.



2.3 A unified notation for LL unconstrained and constrained cases

Our goal is to propose a general algorithm that applies to both the LL unconstrained and
constrained cases. For each case, one can denote the BSG directions used in the deterministic
setting (i.e., (1.2) and (2.8)) and stochastic one (i.e, (2.1) and (2.9)) by using the unified notation

d(D) = —(a — AB™'b), (2.12)

where D = (a,b, A, B). In particular, in the LL unconstrained case, when the adjoint for-
mula (1.2) or (2.1) is used, the data D is either the deterministic one (2.2) or the stochastic
one (2.3), respectively. Similarly, in the constrained case, when the adjoint formula (2.8) or (2.9)
is used, the data D is again either the deterministic one (2.10) or the stochastic one (2.11), re-
spectively. Moreover, we use the following notation to encapsulate the LL variables in the two
cases

_ {y when Y (z) = R", (2.13)

v when Y (x) # R",

i.e., w is equal to y in the unconstrained case and v in the constrained case.

Using the unified notation introduced in (2.12) and (2.13), and recalling the definitions
of D(z,w) in (2.2) and (2.10) along with D(z,w,§) in (2.3) and (2.11), we will adopt the
following notation throughout the paper:

D(l’,w) = (a(x,y),b(x,y),A(:z:,w),B(a:,w)),

, , (2.14)

D(z,w,§) = (a(z,y,9"),b(x,y,9"), Az, w,7"), B(z,w,7")),
where 7 is either ¥ (in the LL unconstrained case) or ¢¢ (in the LL constrained case), defined
at the beginning of Section 2.

2.4 The BSG method

The schema of the BSG method is presented in Algorithm 1. An initial point (xg, o) and a
sequence of positive scalars {ay} are required as input. In Step 1, any arbitrary optimization
method can be applied to approximately solve the LL problem, regardless of being unconstrained
or constrained. In Step 2, one computes an approximate (negative) BSG, which will be denoted
by d(z, Wk, k) and computed through (2.1) or (2.9). We recall from (2.4) that d(zy, W, &) =
d(D(zk, Wy, &), where D(x, Wy, &) is either (2.3) or (2.11). Finally, at Step 3, the vector x
is updated by using a proper step size taken from the sequence of positive scalars. Recall that
the set X is assumed equal to R™ when dealing with a nonconvex f (in Subsection 4.1), and
equal to an arbitrary closed and convex set when dealing with a strongly convex or convex f
(in Subsections 4.2-4.3). We ensure that the UL constraints are satisfied by computing the
orthogonal projection of xp + ay d(xg, Wk, k) onto X. Note that such a projection can be
computed by solving a convex optimization problem. We denote the orthogonal projection
matrix as Px.



Algorithm 1 Bilevel Stochastic Gradient (BSG) Method

Input: (zg,wo), {Ozk}kzo > 0.

For £ =0,1,2,... do
Step 1. Obtain an approximation wy to the LL optimal solution w(xy).
Step 2. Compute a (negative) stochastic gradient approximation d(xg, Wi, &k )-
Step 3. Compute zy1 = Px(zx + o d(xg, Wi, &k)).

End do

We point out that as is usual in the literature related to SG methods, a stopping criterion
is not considered due to a lack of reasonable criteria and for the need to study the asymptotic
convergence properties.

2.5 Computing the BSG direction inexactly

The two approaches proposed in the literature to deal with the inverse matrix B~! in (2.12)
consist of either solving the adjoint equation or using a truncated Neumann series. In particular,
the first approach requires solving the adjoint equation B = b for the adjoint variables A.
The BSG direction can thus be calculated by a — AX. The residual error due to the inexact
solution of the adjoint equation is denoted by 7, i.e., 7 = B X — b. Note that the previous
expression can be written as BA = b+ 7, where the right-hand side can be interpreted as a
perturbation of the right-hand side in the adjoint equation. Since A = B~!(b+ ) in the inexact
adjoint solve case, the BSG direction becomes

—(a—AB7 b+ 7). (2.15)

Given a positive scalar ¢ > 0 and assuming ||B]|| < 1, the second approach is based on the
Neumann series as follows:

oo
B =) (I-B) = #+R
i=0
where Z = "% (I—B)" and R = Dot (I—B)". Note that the accuracy of the approximation

is an increasing function of ¢. An approximation to B~! is given by 4, i.e., B~ ~ 2. Therefore,
in the inexact Neumann series case, the BSG direction becomes

—(a—A(B™' = R)b). (2.16)

3 Assumptions, sensitivity, and smoothness

In this section, we introduce the assumptions used in the convergence analysis of the BSG
method, which extends the convergence theory of the SG method to the bilevel case when
the stepsize is assumed to be decaying. Using the notation introduced in (2.12)—(2.13), the
convergence theory developed in this section covers both the LL unconstrained and constrained
cases. The solution of the LL problem is assumed to be inexact. Our theory also applies when
the BSG direction (2.12) is computed inexactly by using the approaches in Subsection 2.5, which
comprehensively generalizes all existing approaches in the literature.
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Given that we consider the application of the stochastic gradient method (or a similar SA
technique) to solve the LL problem (see Step 1 of Algorithm 1), we will denote by §,§1 the
set of random variables for all combined iterations of the LL solution process at iteration k.
Moreover, we will denote by {2“ the set of all random variables for both the LL and UL solution
processes at iteration k. Therefore, noticing that £, denotes the set of random variables used at
Step 2 of Algorithm 1, we denote lel = ( 21, &k). At each iteration, the iterate xj, is completely
determined by the realizations of the independent random variables 521 and .

3.1 General assumptions
3.1.1 LL unconstrained case

We will start this subsection with general assumptions for the LL unconstrained case. Assump-
tion 3.1 below imposes the appropriate smoothness for the problem gradients and Hessians, their
boundedness, and the boundedness of their stochastic counterparts.

Assumption 3.1 (Smoothness and boundedness (LL unconstrained case)) The gradi-
ents Vg fu and Vyf, and the Hessians ngfg and ngfg are Lipschitz continuous. Moreover,
Vafus Vyfu Viyfg, and szfg and their stochastic estimates gz, g,/, Hﬁy, and ny are bounded
i norm at all points.

In Assumption 3.2 below, we require the stochastic estimates of the gradients and Hessians
to be unbiased with bounded variance, which is a classical assumption in the SG literature. Such
an assumption will be used to derive a bound on the second moment of the approximate BSG
direction (see Lemma 3.1 in Subsection 3.2 below).

Assumption 3.2 (Unbiasedness and bounded variance (LL unconstrained case)) The
stochastic quantities gy, g, Hf,y, and ny are unbiased estimates of Vi fu, Vyfu, ngfg,
and szfg, respectively, and their variances are bounded by positive constants.

Assumption 3.3 below ensures the existence and uniqueness of an LL optimal solution y(x)
for the original problem as well as for its corresponding stochastic approximation.

Assumption 3.3 (Existence and uniqueness of solution (LL unconstrained case))
There exists a y(x) such that Vyfi(z,y(x)) = 0, and ngfg is positive definite at all points.
In the stochastic case, ny is positive definite at all points.

Assumption 3.4 below requires the inverse of the Hessian of f; w.r.t. ¥ to be uniformly
bounded, which is equivalent to saying that fy(z,-) is strongly convex (a very standard assump-
tion in the SG literature, see, e.g., [24]). We also need uniform boundedness in the stochastic
case.

Assumption 3.4 (Uniform convexity of LL problem (LL unconstrained case))
The Hessians szf[l and (ny)_l are uniformly bounded in norm at all points.
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3.1.2 LL constrained case

Now, we will introduce assumptions that are specific to the LL constrained case. We will start
with smoothness assumptions for the gradients and Hessians of the problem, their boundedness,
and the boundedness of their stochastic counterparts. The boundedness of the multipliers is
required so that all Hessians of the Lagrangian are also bounded as well as cross terms of the
type zo Ve,

Assumption 3.5 (Smoothness and boundedness (LL constrained case)) The gradient
V fu, the Jacobians VCIT and ch, and the Hessians Viyfg, V?/yfg, szci, and szci, for
all i € T UE, are Lipschitz continuous. In addition, V f,, Vc}r, ch, ngfg, ngfg, ngci,
and Vf/yci, for all i € I UE, and their stochastic estimates are uniformly bounded in norm at
all points. Finally, the multipliers z and their stochastic counterparts are uniformly bounded at
all points.

In Assumption 3.6 below, which is the counterpart of Assumption 3.2 for the LL constrained
case, we require the stochastic estimates of the gradients, Jacobians, and Hessians to be unbiased
with bounded variance. Again, such an assumption will be used to derive Lemma 3.1.

Assumption 3.6 (Unbiasedness and bounded variance (LL constrained case)) The
stochastic estimates of V fy, VCIT, ch, Viyfg, ngfg, szci, and Viyci, foralli € TUE,
are unbiased, and their variances are bounded by positive constants.

We can now introduce our assumption for the existence and uniqueness of LL solutions.
For that purpose, given Lagrange multipliers (z7(z), zg(x)) associated with a solution y(x) of
the LL KKT conditions, let us denote the cone of critical directions [45] as follows:

Vyci(z,y(z))TdY <0, Vi € I(z)
Z(x) = {dY#0 : Vyei(z,y(z)) d¥ =0, Vi € I(z) with (z7(z)); >0, (3.1)
Vyci(z,y(z))Td¥ =0, Vi€ E

where I(z) is the index set of the active inequality constraints at (z,y(x)).

The linear independence constraint qualification (LICQ) ensures that the
gradients Vyc;(x,y(x)), for all i € I(x) U E, are linearly independent. The strict complemen-
tarity slackness condition (SCS) states that for all multipliers (z7(x), zg(x)) satisfying the LL
KKT conditions at (z,y(z)), one has (z7(z)); > 0 for all i € I(x). The second-order sufficient
condition (SOSC) states that for all multipliers (z7(x), zg(z)) satisfying the LL KKT conditions
at (z,y(x)) and for all d¥ € Z(x), where Z(x) is defined by (3.1), one has (dy)TVf/yEg(x, v(x))d? >
0.

Assumption 3.7 (Existence and uniqueness of solution (LL constrained case))
There exists a y(x) satisfying the LL KKT conditions with associated multipliers (z1(z), zg(x))
such that the LICQ, SCS, and SOSC' are satisfied.

This guarantees that y(x) is a strict local minimizer for the LL problem. To ensure that y(x)
1s the unique global minimizer, one can further assume either that ngﬁg(l’, Y, 21, ZE) 1S positive
semi-definite for all (y,z1,zg) or that Y(x) is conver and ngﬁg(l',y,Z[,ZE) is positive semi-
definite on the tangent cone to the set Y (x) at y(x) for all (y,zr, 2E).
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As in the unconstrained case, we also need to impose some form of uniform boundedness away
from singularity. In the constrained case, this is achieved through the KKT matrix of the LL
problem, which is the corresponding counterpart to the Hessian of the objective function f,.

Assumption 3.8 (“Uniform convexity” of LL problem (LL constrained case))
The KKT matrices V,G™' and G, ' are uniformly bounded in norm at all points.

3.1.3 Notation for constants

In this subsection, we introduce constants that will be used to denote bounds on gradients,
Hessians, and Jacobians (Remark 3.1 below).

Remark 3.1 As a consequence of Assumptions 3.1 and 3.5, there exist positive constants C
and C' such that, for any (z,y), (z,v), (z,y,9%), (z,y,9), and (x,v,5"), we have |V, fu|| < C,
V2,50l < C, V2, fill < C. V.Gl < C, V.Gl < C, gt < C, IHE| < C, |HE) < C,
G| < C, and ||Gy|| < C. Assumptions 3.4 and 3.8 imply that there exist positive constants Cy
and Cy such that, for any (x,y), (z,y,9%), (z,v), and (z,v,<"), we have ||V§yf[1|\ < Cy,
(L)1 < Co. 9,67 < Cr. and [ G < Co.

The expected value with respect to the probability distributions of & and fsl are denoted
by Ee¢, [-] and Egsl [-], respectively. The expected value with respect to the joint distribution of &

and €31 is denoted by Eean = K, [ESEI [-]]-

3.2 Sensitivity of the approximate bilevel stochastic gradient direction

Let us recall that f(z) = fu(z,y(x)). To bound the second moment of the approximate BSG
direction d(xy, Wy, &) and the expectation of the error between the negative gradient —V f(zy,)
and d(zp, Wk, &), we will need to apply sensitivity analysis arguments from nonlinear opti-
mization. We start by assuming that at each iteration, the calculation process of the BSG
direction (2.12) is (approximately) Lipschitz continuous with respect to changes in its data.
Note that this result is presented as a general assumption that any stochastic algorithm for
solving bilevel problems needs to satisfy in order for our convergence theory in Section 4 to
hold. However, such an assumption is not restrictive, and Proposition 3.1 shows that it can be
easily enforced in all practical scenarios that have been proposed for ML applications requiring
bilevel optimization.

Assumption 3.9 (Sensitivity of the BSG direction) Given any pair of data (D1)g
and (D2)y, there exists a constant Lpsa > 0 such that

[d((D1)r) — d((D2)w)ll < Lpsc(l(D)e — (D2)rll + 1(r)x — (r2)x ), (3.2)

where (r1)r and (r2)r are the residual errors in the inexact computations of d((Di)k)

Proposition 3.1 below shows that the inexact ways (2.15) and (2.16) of calculating adjoint

gradients or BSG directions do ensure that inequality (3.2) of Assumption 3.9 is satisfied. Parts
of the proof have been published elsewhere [13]. In fact, the arguments used are the known
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facts that sum is Lipschitz continuous, multiplication is Lipschitz continuous if the factors are
bounded, and matrix inversion is Lipschitz continuous if its singular values are bounded away
from zero. Note that the proof does not require the unbiasedness of the stochastic estimates or
the bounded variances stated in Assumptions 3.2 and 3.6.

Proposition 3.1 (Sensitivity of the BSG direction) Under Assumptions 3.1, 3.3-3.5, 3.7,
and 3.8, given any pair of data (D) and (D2)g, let (r1)r and (r2)i be the residual errors in-
curred when d((D1)g) and d((D2)i) are computed inezxactly by either (2.15) (in which case (r1)k,
(ro)r are (71)g, (F2)x) or (2.16) (in which case (r1)g, (r2)k are (R1)g, (R2)k). Then, there exists
a constant Lpsg > 0 such that inequality (3.2) of Assumption 3.9 is satisfied.

Proof. See Appendix A for the proof, where we omit the dependence on k for simplicity.  [J
We now introduce Assumption 3.10 on the absolute error of the LL optimal solution, whose

validity in practice is discussed in Subsection 4.4.

Assumption 3.10 There exists a positive scalar Cy, such that
Eesi [[lw(zx) — @] < (Cuwan)?.

By applying Jensen’s inequality, one also has (EEEI [||w(zy) —wi]]])? < Eg%l [[w(zr) —wr]|?],
thus
Esglmw(l‘k) - ’J)k”] S Cw Q. (3.3)

We need Assumption 3.11 below to hold, which essentially amounts to the sampling error
in the data. To enforce this assumption in practice, we refer the reader to the discussion
reported in Section 4.5. Recall that D(xy,wy) represents the deterministic data defining the
quantity d(zg, ) (see (2.2) and (2.10)), and D(xy, Wy, £ ) the stochastic data of the calculation
of d(zy, Wy, &) (see (2.3) and (2.11)).

Assumption 3.11 There exists a positive scalar Cp such that
Egz“[HD(l’k7 ?I}k) - D(:I"k7 Wi, gk)”] < Cp Q.

We also need Assumption 3.12 below, which introduces a bound on the residual errors in-
troduced in Assumption 3.9. In practice, when the BSG direction is computed inexactly (see
Subsection 2.5), this assumption can be enforced by either increasing the accuracy in the inexact
adjoint equation solve or increasing the value of g used to truncate the Neumann series.

Assumption 3.12 There exists a positive scalar C. such that, for all realizations of the algo-
rithm,
HrkH S Ceaka

where Ty, is either (1), or (r2)k in Assumption 3.9.

We are ready to establish a bound on the second moment of the BSG direction, as shown in
Lemma 3.1 below.
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Lemma 3.1 Under Assumptions 3.1-3.8, one has

Egan [[|d(ap, wr, &)%) < Ga, (3.4)

where Gg = (C’ + CQC'g)z + 7, and T is a positive constant defined in (3.12).

Proof. From the definition of variance (i.e., E[X?] = Var[X]+E[X]?, with X being an arbitrary
random variable), we have

Egon[l|d(r, O, &0)II1P) = Egan [lld(zr, @r, &) — Egan [d(wr, @r, &0))7]
T
+ “Egzll[d(xkyﬁjkvgk)”P'

Ty

(3.5)

We will analyze the terms 77 and 75 separately. Recalling the unified notation introduced
in Subsection 2.3, Assumptions 3.2 and 3.6 imply that a(zy, gk, V}), b(zk, Tk, V}), A(.%‘k,ﬁ}k,’}/i),
and B(xg, W, ’yf;) are unbiased estimates of a(xg, Uk ), b(xk, Uk ), A(zk, W), and B(zk, Wy ), respec-
tively, and their variances are bounded by positive constants o2, crg, 0'124, and 0'123, respectively.
To clarify, taking B as an example, we recall that B(z, u?k,’yf;) corresponds to Hﬁy(:ck, Uk ﬁi)
in the LL unconstrained case and gx(:ck,f;k,gﬁ) in the LL constrained case, while B(z, W)
corresponds V?L,y fe(xk, Jx) in the LL unconstrained case and V,G(zk,0) in the LL constrained
case.

(Analysis of T7): The term 7) represents the variance of d(xy, W, &;). In the analysis of
such a term, for ease of notation, we will use a = a(xg,9x), b = b(ag, Uk), A = A(zk, Wg),
and B = B(xp,wy) to denote the deterministic gradients, Hessians, and Jacobians. For the
corresponding stochastic estimates, we will use a(9}) = a(xg, Uk, V}), (V) = b(wk, Uk, V}),
A(E) = Az, g, 7y), and B(vf) = B(wg, Wk, vp). Additionally, we will use E to denote Eﬁi‘ill‘
Using the fact that ||u 4 v||? < 2(|jul|? + ||v[|?), with v and v real-valued vectors, we obtain:

Ell|d(zk, D, &) — Eld(zp, B, &)]|1%]
< 2E[||a(9}) — Ela(9i)]11%] + 2E[E[A(v) (B(3.) "'b(93)] — A(vi) (B(ve) "b(Wi)|IP]. (3.6)

Tia Ti.2

(Analysis of T7.1): The term 773 in (3.6) can be upper-bounded by applying Assump-
tion 3.2 (for the LL unconstrained case) or Assumption 3.6 (for the LL constrained case) to
obtain:

2E[||a(9¥) — Ela(9)]|?] < 202 =: 7. (3.7)

(Analysis of T2): The term T} 2 can be upper-bounded by using the independence of each
random sample, applying Assumption 3.2 (for the LL unconstrained case) or Assumption 3.6 (for
the LL constrained case), and adding and subtracting A(vf) (E[(B(v£)) "] — (B(vf)) 1) b, as

P A BGD) )] - o (B HY)
— AE[(B() b - AGHBGE) ()
= (A= AGH) EBG b (3.8)
+ A0k (BIBOOD) ™ = (BOD)™) b
T+ AGE(BOL) ™ (b b))
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Thus, by using (3.8), the fact that [|[u+ v+ s||* < 3 (JJul|* + ||v[|* + ||s]|?), with u, v, and s
real-valued vectors, along with the consistency of matrix norms, we can see that the term 77 o
is upper-bounded by

2E[||E[A (7)) (B ()~ b(93)] — A(vi) (B(vi) ' o(93) 1]
< GE[| A — A(y)I°] - ENELB () 1] - [1o]?
+ GE[|A(v) 7] - EMEB (i) ™1 = (BOyi) ™M 1% - 1Bl (3.9)
1

+GE[| AP - EN(B(i) ™ P - ElIb — b(93) 1]
< 603C7C? + 6C°E[|E[(B(v,)) '] — (B(w) ' I%|C? + 6C*Coi,

where the last inequality follows from applying Assumptions 3.1 and 3.2 (for the LL uncon-
strained case) or Assumptions 3.5 and 3.6 (for the LL constrained case), along with Remark 3.1.
Note that to obtain the last inequality in (3.9), we applied Jensen’s inequality to the first
term as follows E[|E[(B(v¢)) 'I1?] < E[E[|(B(74))~!%]], and then we used Remark 3.1 to
bound [|(B(v£)"L2.

Consider the term E[||(B(vf)) ™' — E[(B(74))~!|I?] in (3.9). Using the fact that |lu + v||? <
2 (Jul|® + [|v||?), with w and v real-valued vectors, and applying Assumption 3.2 (for the LL
unconstrained case) or Assumption 3.6 (for the LL constrained case), along with Remark 3.1
and Jensen’s inequality, we have

E[|(B(y) ™" = E[(B(y) 1) < 2E[[[(B(v)) 7] + 2E([E[(B () ~']I°] <4CF. (3.10)
Now plugging the bound (3.10) into (3.9), we obtain the bound on the term T} 2 as
2E[||E[A(v;) (B(1)) " 0(95)] — Alvi) (B()) ~ 0(9i) ]
< 604C2C?% 4 24C*CEC? + 6C*Clot = m. (3.11)

Finally, plugging the newly derived bounds for 771 and T} (bounds (3.7) and (3.11), re-
spectively) into (3.6), we obtain the desired upper bound on the variance of d(xy, Wi, &)

Elel[”d(xk,ﬁjk,fk)—Egzn[d(xk,ﬁjk,fk)]HQ] < 71714+ T79 =T (3.12)

(Analysis of T3): Now, considering the term ||E§Z“ [d(xk, W, &)] || in (3.5), we can apply the
triangle inequality, Assumptions 3.1 and 3.2 (for the LL unconstrained case) or Assumptions 3.5
and 3.6 (for the LL constrained case), the independence of each random sample, the consistency
of matrix norms, along with Jensen’s inequality and Remark 3.1, to obtain

[Egqn [d(zr, @r, €I < Nla(@r, )|l + [|A(r, @) Egn[(B(ar, @, &))" 1b(ar, @) |
< C+C*Cy.
Further, squaring both sides, we have the bound

HEgzll[d(ﬂfk,@k,fk)]”Z < (C—Fczég)Q. (3.13)

Plugging (3.12) and (3.13) into (3.5), and setting G4 = (C’+CQC_2)2 + 7, we obtain the
desired bound. OJ

We can now prove a bound on the deviation of the BSG direction from the gradient of f, as
shown in Lemma 3.2 below.
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Lemma 3.2 Under Assumptions 3.1, 3.5-3.5, and 3.7-3.12,
Eeanll] = Vf(zr) — d(k, 0r, &)l < Caau, (3.14)

where Cy = Lpsa(LrrCyw + Cp + 4C,), and Lrp > 0 is a constant only dependent on the
Lipschitz constants of the gradients, Hessians, and Jacobians of Assumptions 3.1 and 3.5.

Proof. By adding and subtracting the term d(xy, wy) and using the triangle inequality, we have

Eean[lld(zx, w(xr)) — d(ag, wp, )] < Eean[lld(zr, w(zy)) — d(z, )] (3.15)
+ Eean[|d(y, W) — d(z, w, &) ]- (3.16)

Now we derive a bound for the right-hand side in (3.15). By considering the data D; =
D(zy, w(zy)) and Dy = D(xk, W) in Assumption 3.9, and taking the expectation, we obtain

EEZn[Hd(ack,w(xk)) — d(:Ek, wk)”] < LBSG Eggu[HD(iﬁk, w(:vk)) — D(xk,ﬁ)k)H] + 2LBSGCe05k,
(3.17)
where we have applied Assumption 3.12 on ||(r1)x — (72)k]|-
Note that the right-hand side of (3.17) contains exact BLP gradients and Hessians (or Ja-
cobians in the LL constrained case). Therefore, the Lipschitz continuity of those mappings
(Assumptions 3.1 and 3.5) implies the existence of a constant Lz > 0 such that

1D (zk, w(ar)) = D@y, wp)l| < Lrplw(ze) — wrl- (3.18)
Taking expectations with respect to the distribution of fzn on both sides of (3.18), we can write
Eean[|| D(xk, w(ar)) — D(@p, wp)ll] < Lir Ees [[lw(ar) — wrll], (3.19)

where we have used that Eézu[Hw(xk) —wgll] = E€E1[Hw(xk) — wg|]. Therefore, from (3.17),
(3.19), and (3.3), we obtain

Egzn[nd((ﬁk,w(%k)) —d(:::k,u}k)H] S LBSG (LLL Cw + QCe)Oék. (320)

Now we derive a bound for (3.16). By considering the data Dy = D(zy,wy) and Dy =
D(zy, W, &) in Assumption 3.9 and applying Assumption 3.12, we have

|d(zg, i) — d(zg, Wk, &)l < Lpsc||D(@k, Wk) — D(@k, Wk, &)l + 2LpsaCeay.  (3.21)
Taking expectations with respect to the distribution of 5211 on both sides of (3.21), we obtain

Eggll[“d(xkawk) — d(%k,ﬁ)k,fk)”] < LBSGEggll[HD(xkawk) - D(xkawlmék)m + 2LBSGCeO%-

(3.22)

Hence, from (3.22) and Assumption 3.11, we obtain
Eean[l|d(2k, wr) — d(wk, 0r, p)Il] < Lpse (Cp + 2Ce) o (3:23)
The proof can be concluded from (3.15)—(3.16), (3.20), and (3.23). O
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3.3 Smoothness of the true objective function

Our convergence theory requires smoothness of the true function f, which is given in Proposi-
tion 3.2 below. In both the LL unconstrained and constrained cases, the Lipschitz continuity
of Vf can be inferred from the Lipschitz continuity of y(z), w(x), and the gradients, Hessians,
and Jacobians involved (along with the boundedness away from singularity of Hessian or KKT
matrices). The proof is given in Appendix B, and again part of the proof has been reported
in [13] and relies on elementary arguments.

Proposition 3.2 (Smoothness of f) Under Assumptions 3.1, 3.3-3.5, 3.7, and 3.8, there
exists a constant Lyy > 0 such that the gradient V f is Lipschitz continuous in x, i.e.,

IV f(xz1) = V(x| < Lvfller — 2|  for all (z1,z2) € R" x R™. (3.24)

An important and well-known consequence that follows from (3.24) is

F(@) < F@)+VI@) (@) + gLogle — ] forall (r,7) R x R, (3.25)

4 Convergence rate of the BSG method

In this section, we extend the convergence theory of the SG method to the bilevel case when the
stepsize is assumed to be decaying. The BLP objective function f is assumed to be nonconvex,
strongly convex (leading to a 1/k sublinear convergence rate), or simply convex (1/vk rate).

Using the notation introduced in (2.12)—(2.13), the convergence theory developed in this
section covers both the LL unconstrained and constrained cases. The BSG method under con-
sideration takes an inexact solution of the LL problem, for which the stochasticity is rigorously
included in the analysis for the first time. Moreover, such a theory also applies when the BSG
direction (2.12) is computed inexactly regardless of the approach used (see Subsection 2.5),
thus leading to an analysis that is considerably more general than the ones proposed in the
literature [24, 46].

4.1 Rate in the nonconvex case

In this section, the true objective function f is assumed to be possibly nonconvex. We now
present two lemmas that will allow us to prove the convergence result. Such lemmas and the
resulting theorem are based on the theory provided in [5], where the main differences lie in how
inexactly d(zy, Wk, &) approximates —V f(x) (see Lemma 3.2). The first lemma is just a Taylor
bound derived as a result of (3.24).

Lemma 4.1 Under Assumptions 3.1, 3.3-3.5, 8.7, and 3.8, and assuming X = R"™, the iterates
of Algorithm 1 satisfy the following inequality for all k € N

Egou [f(zr41)] — f (k) < eV f(2r) " Egon [d(ay, @y, )]

1 -
+ §aszfE§Zn [Hd<1’k,wk7§k)u2] :

(4.1)
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Proof. From equation (3.25), the iterates generated by Algorithm 1 satisfy

Faprr) = fla) < V@) (@pen — z5) + %LVfok-H — x|

Recalling that Algorithm 1 uses the update xp41 = Px (zx + agd(zg, W, &), and noting that
since X = R", the projection matrix Px is equal to the identity matrix, we have that

- 1 -
Flansr) — flzr) < apVf(ae) " d(og, wr, &) + iaiLdem, Wi &) I
Taking expectations with respect to the distribution of fi‘u, we obtain (4.1). O

The following lemma further extends the result of Lemma 4.1 by using the inexactness
of d(x, Wy, &) and the bound on its second-order moment.

Lemma 4.2 Under Assumptions 3.1-3.12 and assuming X = R", the iterates generated by
Algorithm 1 satisfy the following inequality for all k € N:

1
Eean [f(@r1)] = f(2x) < —onl|Vf (@)|* + i CvsCa + S0 Ly G, (4.2)
where Cyy > 0 is a bound on the norm of Vf.

Proof. From inequality (4.1) and Lemma 3.1, we have

E&z“ [f(zrs1)] — flzg) < Oéka(l'k)TEgzn [d(xg, Wk, &)] + %Q%vaGd.

Adding and subtracting oV f (ask)TEgzn [V f(z)] to the right-hand side and simplifying, we
obtain

Egon [f(z41)] — flzx) < arVf(an) Egn [d(ag, @, &) + V f (21)]
— WV (o) VS (@) + 50d LG
Applying the Cauchy-Schwarz and Jensen’s inequalities, we obtain
Bean [f (zer1)] = fax) < arllVF (@)l Egan [[|d(2k, Wk, &) + V f (2]
~ kIS @) + SodLy G

Assumptions 3.1, 3.4, 3.5, and 3.8 imply that there exists a constant C'vy > 0 such that the
gradients generated by the sequence of iterates {xj}r>0 are bounded, ie., |V f(zr)|| < Cvy.
Finally, from the boundedness of V f and inequality (3.14), we obtain the desired result. O

We will now introduce the final assumptions that are needed for the convergence result of
the nonconvex case. The first of these states that, for Algorithm 1 to converge, the objective
function values must be bounded below by some minimum value.

Assumption 4.1 f(x) > fiy, for all x € R™.
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Lastly, we require the stepsize to be of decaying type.

Assumption 4.2 The sequence of decaying stepsizes {ay >0 satisfies

[e.e] o
Zak:oo and Zai<oo.
k=0

k=0

We can now establish the convergence result for the nonconvex case. We use E[] to refer to
the total expectation of f, namely, the expected value with respect to the joint distribution of
all the random vectors fan.

Theorem 4.3 Under Assumptions 3.1-3.12 and 4.1 and assuming X = R", suppose that Al-
gorithm 1 is run with a decaying stepsize sequence that satisfies Assumption 4.2. Then, with

K
AK = Zk:o Qg

K
. 2

Jim E [Z IV F () ] < o0, (4.3)

k=0
and therefore

| XK

. 21

KIEHOOE AKkZOakva(xk)H ] = 0. (4.4)

Proof. The proof follows [5, Theorem 4.10] closely. Taking the total expectation of (4.2), we
have

E[f(zks1)] —Ef(z)] < —arE[[|Vf(z)?] + 0iCyvsCa+ %OéiLVde-

Summing both sides of this inequality for k& € {0, 1, ..., K} and by Assumption 4.1, we have

fo ~EU o) < Bl Grers)] ~E L)
< —ZakE 1V £ )] ]+0w0d2ak+ vaGdZak
k=0

Rearranging, we obtain

K K K
B [[IVf(zi)?] < E[f(20)] = fint + CvyCa ) aj + 1vaGd o
2

k=0 k=0 k=0

Assumption 4.2 implies that the right-hand side of this inequality converges to a finite limit
when K increases, which proves (4.3). To obtain (4.4), we can divide by Ag as follows:

K K K
E[f(z0)] = fint = CvsCa o LyviGa 9
Z IV F@IP] < + Dok + Dok
k AK AK =0 QAK P
Taking the limit as K — oo, and noting Assumption 4.2, we obtain the desired result. O
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4.2 Rate in the strongly convex case

In this subsection, we present the convergence rate of the BSG method when f is assumed to
be strongly convex. In practice, such a case occurs when the UL objective function f,(z,y) is
strongly convex in (x,y) and y(x) is an affine function in x. Hence, imposing strong convexity
of f is a strong assumption in the sense of assuming in practice that the LL problem is a QP
problem. Still, we cover this case for completeness of our convergence theory.

We need the iterates to lie in a bounded set, which is ensured by the boundedness of X in
the BLP formulation. Together with boundedness, the closedness of X ensures UL feasibility
through the application of orthogonal projections onto X.

Assumption 4.3 The UL feasible set X is closed and bounded.

Assumption 4.3 implies that there exists a positive constant © such that, for any (kq, k2),
we have
|z, — 2] < © < o0.

Finally, we assume that the true function f is strongly convex.

Assumption 4.4 (Strong convexity of f) The function f is strongly convex, namely, there
exists a constant ¢ > 0 such that

F@) > f@)+ V@) (z-2)+ ng — z|)? for all (z,z) € R" x R™. (4.5)
A well-known equivalent condition to (4.5) (see, e.g., [44]) is given by
(Vf(x) = V@) (x—z) > cl|z—z|? for all (z,z) € R" x R". (4.6)

Let 2, be the unique minimizer of f on X, which implies that V f(z.) " (z—z4) > 0 for all z € X.
Therefore, if in (4.6) we choose x = x and & = z,, we obtain

Vi(zr) " (xp — 24) > cljag — .| (4.7)

The next theorem proves that under the assumption of strong convexity and decaying stepsize
(Y par = 0o and > jo a2 < o), the sequence of points yielded by Algorithm 1 generates
a sequence of f values that decays sublinearly at the rate of 1/k. The proof of this theorem is
given in Appendix C.

Theorem 4.4 Let Assumptions 3.1-3.12 and 4.3—4.4 hold and x. be the unique minimizer of f
on X. Consider the schema given by Algorithm 1 and assume a decaying step size sequence of
the form ay = ~v/k, where v > 1/(2c¢) is a positive constant. The sequence of iterates yielded by
Algorithm 1 satisfies

max{27*M (2cy —1)71, ||lzg — .|%}

Bfla — 7] < -

and, if x4 is an interior point of X,

(Lvs/2) max{2y*M (2cy — 1)~ [lmo — 2%}
k 9y

Elf(zx)] = f(zs) <

where M = G4+ 2C40.
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4.3 Rate in the convex case

In this subsection, we state the convergence rate of the BSG method assuming that f is convex
and attains a minimizer x,. The same comment about the lack of practicality applies to the
convex case. Specifically, for f to be convex, f,(z,y) must be convex in (z,y), and y(x) must
be affine in x, which considerably restricts the choice of LL problems.

Assumption 4.5 (Convexity of f) The (continuously differentiable) function f is conver in
xz, namely,
f(&) > f(x)+ V() (Z —z) for all (Z,z) € R" x R™. (4.8)

Moreover, [ attains a minimizer.

The next theorem states that the BSG method exhibits a sublinear convergence rate of 1/ VE,
which implies that the convergence is slower than in the strongly convex case (Theorem 4.4).
The proof of this theorem is given in Appendix D.

Theorem 4.5 Let Assumptions 3.1-3.12, 4.3, and 4.5 hold. Consider the schema given by
Algorithm 1 and assume a decaying step size of the form oy = d/\/E, with @ > 0. Given a
minimizer x4 of f, the sequence of iterates yielded by Algorithm 1 satisfies

, ©2 L &(Gq+2C40)
Juin E[f(ey)] - f(z.) < 2 N :

4.4 Imposing a bound on the distance from the LL optimal solution

In this subsection, we want to discuss a way to enforce Assumption 3.10 when using the stochastic
gradient (SG) method to solve the LL problem at ;. We focus on the LL unconstrained case.
Given an initial point gjg and a sequence of stepsizes {3;}, such a SG method can be described

G = k- Bigy (e Gk Giy)y 1= 0, ik (4.9)
We start by introducing the sampling assumptions that are standard in the literature related
to the SG method. First, suppose that the stochastic gradient gf(ajk,gjk,ﬁ,%’li) is unbiased,

ie., E§]§1_ [gg(mk,ﬂk,gg}i)] = Vyfe(x, Jx), and there exists a positive constant @ > 0 such
that E£§1,[|| gﬁ(wk, Uk ,%11)H2] < @Q?%. Also, suppose that f; is strongly convex in the y variables

with constant y with a unique minimizer y(zy).

Recalling that the convergence rate of the SG method (4.9) with decaying stepsize is O(1/v/7),
and by choosing i) equal to k2, one guarantees the existence of a positive constant C,, such
that Assumption 3.10 holds. In fact, by choosing a decaying step size sequence {3;} given
by B; = /i, where ¥ > 1/(2pu) is a positive constant, and under the classical assumptions stated
in the previous paragraph, from [43, Equation (2.9)] it follows that the choice ix = k? implies

(with g = 7+)

max{72Q(2p7 = 1)1 5 — ylwn) 2}

Ege [l — (o)) < >

Such a result also holds in the LL constrained case when the scheme (4.9) incorporates a projec-
tion onto Y (xy), as long as Y (xy) is a closed convex set. We refer the reader to the discussion
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in [31, Appendix B], which applies to bilevel problems with an LL strongly convex objective func-
tion and LL linear constraints. We acknowledge that Assumption 3.10 is strong when the LL
constraints are nonlinear and nonconvex. However, this represents a computational challenge
rather than a theoretical one.

4.5 Imposing a bound on dynamic sampling

In this subsection, we want to mention a dynamic sampling strategy to enforce the inequality in
Assumption 3.11 in both the LL unconstrained and constrained cases. For the sake of simplicity,
we will omit the subscript k£ in this subsection. Such a dynamic sampling strategy allows
reducing the level of noise by increasing the size of the batch. Recalling the notation introduced
in (2.14) within Subsection 2.3, let us assume that the stochastic estimates a(z, y, 9*), b(z, y, 9*),
Az, w,~"), and B(z,w,~") are normally distributed with means a(z,y), b(z,y), A(z,w), and
B(z,w), respectively, and variances ag, O'g, oi, and U%, respectively. Such an assumption
implies that the stochastic estimates in D(z,w,§) are unbiased estimates of the corresponding
true gradients, Hessians, and Jacobians in D(x,w), in accordance with Assumptions 3.2 and 3.6.
To increase the accuracy of the stochastic estimates in D(x,w, &), we can choose larger batch
sizes, which we denote by ng, np, na, and ng. Let a(z,y,9") = (1/nq) drty alz,y, (%)) be
the mini-batch stochastic estimate for a(x,y), where {(9%),}"', are values sampled from the

r=1
distribution of ¥*. It is known that (for details, see, for instance, [36, Section 5.3])

Ta/1
e

One can repeat similar arguments for b, A, and B, and their corresponding mini-batch stochastic
estimates b, A, and B, respectively. Let us denote

Egn[lla(z,y) —a(z,y,9")|] <

D(z,w,€) = (a(z,y,9"),b(z,y,0"), A(z,w,7"), B(z,w,7")).

From the equivalence of norms, there exists a positive constant C such that

1D (2, w) = D(z,w,&)| < C(llalz,y) = alz,y,9)| + [|b(z,y) = bz, y, )])
+ é(”A(x?w) - A(»’ana’%)” + HB(%,U)) - B(‘T7w77€)”)

Taking expectations with respect to {ZH on both sides, one obtains

<0a+ab+aA+aB

v/ Na ny VALY \/NpB
To guarantee that Assumption 3.11 holds, we need to choose mini-batch sizes n,, ny, na, and
np and sample standard deviations o,, 0y, 04, and op such that the right-hand side in (4.10)

is less than or equal to C'p a. Therefore, when aj decreases, the dynamic sampling strategy
would increase the mini-batch sizes.

Egg“[HD(iU:w) — D(z,w,&)|] < ¢

> i (410)

5 Numerical experiments

All code was written in Python 3.7.12. The experimental results were obtained on a desktop
computer with 128GB of RAM, an Intel(R) Core(TM) 19-13950HX processor running at 2200
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MHz, and an NVIDIA RTX 5000 Ada Generation Laptop GPU.* We averaged all the results
over 10 trials by using different random seeds.

5.1 Our practical BSG methods

A major difficulty in the adjoint formulas (1.2) and (2.8) is the use of second-order derivatives
of fp and Ly, respectively, and the need to solve the adjoint equation or use a truncated Neu-
mann series, which prevents its application to large-scale ML application problems. We propose
two approaches to get around this problem, which lead to two different practical versions of
the BSG method, referred to as BSG-N-FD and BSG-1. In the numerical experiments con-
sidered for both LL unconstrained and constrained BLPs, we are mainly interested in testing
these two practical implementations (Algorithms 2 and 3 in Subsections 5.1.1 and 5.1.2 below,
respectively) as opposed to the standard BSG method (Algorithm 1). BSG-N-FD solves the
adjoint system by using either the linear CG method (in the LL unconstrained case) or the GM-
RES method (in the LL constrained case), where each Hessian-vector product is approximated
with a finite-difference (FD) scheme. For BSG-N-FD, which is grounded on theoretical princi-
ples, one can enforce Assumption 3.12 by taking more iterations of the linear CG or GMRES
methods and adjust the value of the FD parameter € to increase the accuracy of the FD ap-
proximation. For BSG-1, which uses rank-1 approximations to avoid second-order derivatives,
Assumption 3.12 does not apply, as BSG-1 does not require solving the adjoint equation or using
a truncated Neumann series.

We will consider two types of test problems: synthetic quadratic bilevel problems and con-
tinual learning problems. Since these test problems do not have UL constraints (i.e., X = R"),
one can assume that the orthogonal projection matrix Px is equal to the identity matrix in all
of the algorithms. In the numerical experiments for the synthetic problems, we will also test
the BSG method with stochastic Hessians, where the (negative) BSG direction d(xg, §k, k) is
calculated from (2.1) or (2.9). This version is referred to as BSG-H. In the LL unconstrained
case, BSG-H applies the linear conjugate gradient (CG) method [45] to solve the adjoint system
ny(mk, Uk, 19£)A = g, (Tk, Y, ¥};) until non-positive curvature is detected. In the LL constrained
case, BSG-H solves the adjoint system G, (x, U, gﬁ))\ = L gy (zk, Ur, V};) by applying the GMRES
method [52], which is designed for non-symmetric systems of equations. Note that BSG-H is
not suited for practical optimization problems, but we include it in the experiments for the sake
of completeness. For very large problems, one must use BSG-N-FD or BSG-1, as mentioned in
Subsection 1.3.

In the BSG-N-FD, BSG-1, and BSG-H versions of the BSG method for the LL unconstrained
case, we will apply the SG method (4.9) to the LL problem for a certain budget i, of iterations,
obtaining an approximation g to the LL optimal solution y(xp). To obtain an approxima-
tion Wy to w(xy), given xy, in the LL constrained case, BSG-N-FD, BSG-1, and BSG-H will
first determine an approximation g to y(xx) by minimizing the following exact penalty function
over y

1 1
O(wp,y; ) = folwn,y) + — Y max{0,ci(wr, 9)} + = Y lei(@r,v)l, (5.1)
ey HicE
where p is a penalty parameter and the functions ¢;, with ¢ € I U E, are the LL constraints
defined in Subsection 2.2. We recall that for sufficiently small and positive values of u, the

*All the code for our implementation is available at https://github.com/GdKent/BSG_Methods_Con_Unc
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minimization of such an unconstrained problem will yield the optimal solution y(xj) of the
constrained LL problem [45]. To minimize (5.1), which is a nonsmooth function, the stochastic
subgradient method will be applied. Then, given xj and g, to determine approximations (Z7, Zg)
to the optimal multipliers (z7(zx), zE(zk)), the linear CG method will be applied to compute
the least-squares solution of the overdetermined linear system

Gk, (k> 21,28)) =0 (5.2)

for the variables z; and zg, where G is the vector function introduced in Subsection 2.2.

For the solution of the LL problem, we consider an inexact scheme, denoted as inc. acc.,
which consists of obtaining g, by taking multiple steps of the stochastic gradient method ap-
plied to fy (i > 1, Vk, in (4.9), for the LL unconstrained case) or stochastic subgradient method
applied to (5.1) (for the LL constrained case). In particular, the number of steps of the stochas-
tic gradient/subgradient method increases by 1 every time the difference of the UL objective
function between two consecutive iterations is less than a given threshold, thus leading to an
increasing accuracy strategy. In such an inexact scheme, g is determined by using the approx-
imation g;_1 obtained at the previous iteration as a starting point. In the ML community,
iterative schemes with multiple LL steps, like the inc. acc. strategy above, are referred to as
double-loop schemes [9, 29].

5.1.1 BSG-N-FD

Our first proposed method, BSG-N-FD, solves the adjoint system by using an iterative method
where each Hessian vector product is approximated with an FD scheme. In particular, in the LL
unconstrained case, the adjoint equation ng foe A=V, fy is solved for the adjoint variables A by
using the linear CG method, with ng fe A being approximated as follows:

\% zp,yl) =V T
Vo, fo(me, yp) A ~ yJe(T yk)2€ yfe(T yk)> (5.3)

where yki = y, £ e, with € > 0. Then, the adjoint gradient is calculated from
Vi~ Vofu— V2, e (5.4)

where ng fe X\ is approximated using an additional FD scheme. In practice, we use an FD
parameter value of ¢ = 0.1.

In the LL constrained case, we can use FD schemes similar to the ones in the LL uncon-
strained case to approximate the Jacobian vector products when solving the adjoint equation
and computing the adjoint gradient. In particular, the adjoint equation V,G\ = LV,f, is
solved for the adjoint variables A = (Ay, A7, Ag)" by using the GMRES method, with V,G\
being approximated as follows:

Vz ,Cg)\ + (ZI oV CI))\[—i-VyCE)\E
V.G =~ Vycl)\ + CrAr ) (5.5)
v cE)\

where
_ VyL(xs, v, (20)ks (2E)K) — VyLo(@r, vy, (20, (28)k)

V2 Eg)\ 5%

(5.6)
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and y,f =y £ ey, with € > 0. Then, the adjoint gradient is calculated from
Vf = Vifu— V.G (5.7)

where VG is approximated using an additional FD scheme. In practice, what worked better
for us was again € = 0.1.

We denote the algorithm corresponding to this approach as BSG-N-FD, where the “N” stands
for the Newton-type system given by the adjoint equation, and the “FD” for the finite-difference
approximations we employ. Its schema is described in Algorithm 2. In the practical BSG-N-
FD method, we will use the stochastic data defined by (2.3) and (2.11). Again, since the test
problems do not have UL constraints, one can assume Px = [ in Algorithm 2.

Algorithm 2 BSG-N-FD Method

Input: (xo,w0), {ak}rx>0 > 0.

For £k =0,1,2,... do
Step 1. Obtain an approximation wy to the LL optimal solution w(xg).
Step 2. Compute d(zy, W, &) by drawing the stochastic gradients and/or Jacobians
from (5.3)—(5.4) for the LL unconstrained case or (5.5)—(5.7) for the LL constrained case.
Step 3. Compute zy1 = Px(zx + o d(xg, Wi, &k))-
End do

5.1.2 BSG-1

Our second proposed method, BSG-1, approximates the second-order derivatives in the adjoint
formulas (1.2) and (2.8) with outer products of the corresponding gradients, i.e.,

Vi, fo =~ VofiVyf and Vi fi ~ V,fiVyf],
Vo Ly ~ VyLiVoL] and Vi Lo ~ VyLV,L] .

2

As mentioned in Subsection 1.3, such approximations are inspired by Gauss-Newton methods for
nonlinear least-squares problems, where the Hessian matrix of the objective function Y ¢ _, (r; —
a;)? (in which each r; is a scalar function and a; a scalar) is approximated by P VTZ'V?”ZT ,
and also from the fact that the empirical risk of misclassification in ML is often a sum of non-
negative terms matching a function to a scalar which can then be considered in a least-squares
fashion [4, 23]. In the numerical experiments, the rank-1 approximations are observed to perform
well when the LL function f, has a Gauss-Newton structure, such as the binary cross-entropy
loss function used for the continual learning instances (see Subsection 5.4).

In the LL unconstrained case, the resulting approximate adjoint equation (V,f/V, f ; YA =
Vy fu is most likely infeasible, and we suggest solving it in the least-squares sense. One solution
is X\ = Vyfu/(Vyf, Vyfe). Plugging this and V2, f; ~ V. f,V,f, in the adjoint formula (1.2)
gives rise to our practical BSG-1 calculation

Vyfi Vyfu

Vf =~ Va:fu_
Vy vany

Vafi. (5.10)
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This approximate BSG allows us to use the adjoint formula without computing Hessians or even
Hessian-vector products, which is prohibitively expensive for the large bilevel problems arising
in ML applications.

In the LL constrained case, we can use the outer products (5.9) to approximate the second-
order derivatives of £ in the Jacobian matrices V.G and V,G ", introduced in (2.6), and obtain
corresponding approximate Jacobians CZ’; and GUT , respectively. The resulting approximate
adjoint equation is given by Gy = LV, fu, where L is the matrix used in (2.8), and can be
solved by using an iterative method for non-symmetric linear systems. Plugging a solution A

into V. f, — éx A, we obtain the practical BSG-1 calculation
Vf ~ Vuofu—Gz ), where Gu\=LV,f,. (5.11)

Both of these rank-1 approaches for the LL unconstrained and constrained cases will be
referred to as BSG-1, the “1” standing for first-order rank-1 approximations of the Hessian
and Jacobian matrices. In the practical BSG-1 method, we will use the stochastic data de-
fined by (2.3) and (2.11). Again, since the test problems do not have UL constraints, one can
assume Py = I in Algorithm 3.

Algorithm 3 BSG-1 Method

Input: (zg,wo), {o}r>0 > 0.

For £k =0,1,2,... do

Step 1. Obtain an approximation wy to the LL optimal solution w(xg).

Step 2. Compute d(zy, Wk, &) by drawing the stochastic gradients and/or Jacobians
from (5.10) for the LL unconstrained case or (5.11) for the LL constrained case.

Step 3. Compute xxy1 = Px(xf + o d(zg, Wk, &k))-
End do

5.2 DARTS

DARTS was proposed in [34] for the solution of stochastic BLPs arising from NAS, and was
briefly introduced in Section 1.2. Only the LL unconstrained case (Y (x) = R™) has been con-
sidered. To avoid the computation of the second-order derivatives in (1.5), DARTS approximates
the matrix-vector product V2, fo(xx, yx)Vy fu(2k, Jx) by a finite-difference scheme [34]:

Vafe(xi ) — Vafolwr, yi )
2e ’

V2, fo(we, yr) Vy fu(@e, x) ~

where
v = yp £eVyfulmr, gk) with e = 0.01/||Vy fu(@r, 05| (5.12)

Algorithm 4 reports the schema of DARTS for the stochastic setting. In Step 1, a single step
of SG (with fixed stepsize 7)) is applied to the LL problem to obtain an approximation g to
the LL optimal solution. Then, in Step 2, the UL variables are updated by moving along the
“approximated” descent direction using a stepsize ay.
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Algorithm 4 Differentiable Architecture Search (DARTS)

Input: (zg,%) € R" x R™, {ai}r>0 > 0,1 > 0.

For £k =0,1,2,... do

Step 1. Compute §x = Y — 1 g5 (Tk, Yr, U7,).

Step 2. Compute Tht+1 = Tk — O (gg(fﬂk» Yk 79%) - %(gi(mka y]jv ﬁi) - gi(xka y];v 19;;)))7
with y,f and € as in (5.12), with gy (zg, Uk, V}.) instead of V,, fu(2r, Jk), and set yry1 = Jr-
End do

5.3 Numerical results for synthetic quadratic bilevel problems

We first report results for a “synthetic” bilevel problem, where both levels are defined by
quadratic objective functions. Given h; € R”, ho € R™, symmetric positive definite matri-
ces Hy € R™™ and Hz € R™*™, and matrices H; € R™™ and Hy € R™*", we consider the
following problem

1 1
min fu(z,y) = hi@+hyy+ o' Hy+ 52" Ho
xT n
(5.13)

1
st. y€argmin fy(x,y) = sy Hsy—y' Hyz,
yeY (z) 2

where the set Y (z) used for the numerical experiments will be specified in Subsections 5.3.1-
5.3.3 below. In particular, Subsection 5.3.1 focuses on the LL unconstrained case and Subsec-
tions 5.3.2-5.3.3 address the LL constrained case.

For all of the algorithms, we used the best UL and LL fixed stepsizes (i.e., a* and af,
respectively) found by performing a grid search over the set {107%+ | s, € {s,,...,8,}} for
the UL stepsize and {107%¢ | s, € {s;,...,5:}} for the LL stepsize. We used independent
bounds s, Sy, Sy, S¢ for each algorithm with the goal of selecting stepsize values that capture
their best performances on the different types of problems. The domain of possible values for
the bounds s,,, 5., Sy, S¢ was restricted to the set {1,...,8}. We chose the values of such bounds
to include two to three consecutive values in the grid searches for both s, and s.

With the exception of DARTS in the LL unconstrained case, we utilized the LL inc. acc.
strategy (introduced in Subsection 5.1) for the rest of the algorithms, with an f, difference
threshold for increasing the number of LL iterations equal to 107! (and a maximum limit
of 30 LL iterations). In all the figures included in this subsection, we plot the true function f
of the BLP (f(xx) = fu(zk,y(xk))). The number of UL iterations and running time were
both used as metrics for the comparison of the algorithms. In the LL constrained case, in
accordance with the procedure described in Subsection 5.1, we obtain approximate Lagrange
multipliers at each iteration by solving the corresponding overdetermined linear system (5.2)
with the linear CG method, using a maximum number of iterations equal to 3 and tolerance
equal to 1074, The system in (5.11), which is non-symmetric, is solved by using the GMRES
method with a maximum number of 3 iterations and tolerance equal to 1074
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5.3.1 Results for the LL unconstrained case

In the numerical experiments for the LL unconstrained version (Y () = R™) of problem (5.13),
we considered a dimension of 300 at both the upper and lower levels (i.e., n = m = 300), with Ho
and Hs randomly generated and H; and Hy set equal to the identity matrix. Note that prob-
lem (5.13) is deterministic. To investigate the numerical performance of the stochastic methods
considered in the experiments, we computed stochastic gradient and Hessian estimates by adding
Gaussian noise with mean 0 to each corresponding deterministic gradient (i.e., Vi fu, Vy fu, Va fe,
Vy fe) and Hessian (i.e., ngfg, szfg). In the stochastic case, the standard deviations for the
stochastic estimates of the gradients and Hessians were set to 5 and 0.05, respectively.

In the experiments for this subsection, we compared BSG-N-FD, BSG-1, and BSG-H
against DARTS and StocBiO, the latter of which was introduced in Subsection 1.2. Regarding
the grid searches for the stepsizes a,, and oy, in the deterministic case, we used s, = s, = 2
and 5, = 5y = 4 for BSG-N-FD, BSG-H, BSG-1, and StocBiO, and s, = 3, 5, = 5, s, = 2,
and 5, = 4 for DARTS. In the stochastic case, we used s, = s, = 2 and 5, = 5y = 4 for BSG-
N-FD, BSG-1, and StocBiO, and s, = 3, 5, = 5, s, = 2, and 5y = 4 for BSG-H and DARTS.
For StocBiO, we set the constant Cj introduced in Subsection 1.2 to 0.05 and the parameter ¢
introduced in Subsection 2.5 to 2, which led to the best results.

Starting with the deterministic results displayed in the top two plots of Figure 1, we can
see that both BSG-N-FD and BSG-H (these methods completely overlap in the iterations plot)
clearly outperform all the other methods in terms of both iterations and time, with StocBiO
performing slightly worse. Note that compared to BSG-N-FD, BSG-H is less efficient in terms of
time due to the high computational cost of computing Hessian matrices. As somewhat expected,
due to the lack of Gauss-Newton structure in problem (5.13), BSG-1 performs worse than the
other versions of the BSG method, but it is still able to yield a decrease in the true function
and outperform DARTS, which has the worst performance out of the five methods. It bears
mentioning that only BSG-N-FD and BSG-H are able to achieve the optimal value of the true
function f (represented by the red dotted horizontal lines in all the plots of Figure 1) within the
iteration and time limit used.

We will now focus on the results for the stochastic case displayed in the bottom two plots
of Figure 1. Firstly, BSG-N-FD still performs the best in terms of both iterations and time,
closely followed by StocBiO. BSG-H is able to achieve a similar function value to those achieved
by BSG-N-FD and StocBiO but after several more iterations. The performance decline of BSG-
H in the presence of noise is expected, as it is well known that stochastic Hessians require lower
noise levels (i.e., larger mini-batch sizes when noise arises from sampling finite-sum Hessians
in SG contexts) than stochastic gradients to perform well [5, Section 6.1.1]. In particular,
BSG-H is very sensitive to the value of the Hessian standard deviation, and its performance
significantly degrades for values much larger than 0.05. Finally, BSG-1 and DARTS seem to be
relatively robust to the noise and exhibit similar performance to the deterministic case in terms
of iterations.

5.3.2 Results for the LL linearly constrained case

In the experiments for the LL linearly constrained version of problem (5.13), the LL constraint
set Y(x) =Y was defined by the following |I| linear inequality constraints in y

Y = {y|[Wy < s}, (5.14)
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Figure 1: Numerical results of the BSG-N-FD, BSG-H, BSG-1, DARTS, and StocBiO algo-
rithms on problem (5.13) for the LL unconstrained case in terms of both iterations and time (in

milliseconds).
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where W e RIIX™ and s € RUI were both randomly generated according to a uniform distri-
bution, respectively. In this section, we focus on LL linear constraints in y because this allows
us to compare the performance of the BSG algorithms developed in this paper against SIGD,
which is only designed for handling these types of constraints (as mentioned in Subsection 1.2).
We again considered a dimension of 300 at both the upper and lower levels (i.e., n = m = 300)
along with |[I| = 50 constraints, with Hj, Hs, Hs, and Hy chosen in the same manner as in
Subsection 5.3.1.

In the stochastic case, we added Gaussian noise with mean 0 to the gradients and Hessians
as in Subsection 5.3.1 and also to the Jacobians V.cr, Vicg, Vycr, and Vycg. Note that we
did not add noise to szcl- and szci, with ¢ € I U F, because they are null matrices in the LL
linearly constrained case. The value of the standard deviation was chosen from {0.005,0.05}
(referred to as the “low” and “high” values, respectively) for the stochastic Hessian matrices,
Viy fe and sz fe, and was set to 0.5 for all the other stochastic estimates. Using two different
values for the standard deviation of the stochastic Hessian allows us to demonstrate the impact
of different noisy Hessian estimates on the performance of BSG-H and SIGD, which use second-
order derivatives. Regarding the stepsizes «,, and ay, in the deterministic case, we used s, = 2,
5, = 4, s, = 3, and 5 = 5 for BSG-N-FD and BSG-H and s, = s, = 2 and 5, = 5, = 4
for SIGD. For the stochastic case with Hessian standard deviation equal to 0.005, we used the
same UL and LL stepsizes for SIGD as in the deterministic case. However, we changed to values
of s, = 7 and 5y = 8 for BSG-N-FD along with s, = 3 and 5, = 5 for BSG-H. When the
Hessian standard deviation was equal to 0.05, we used the same UL and LL stepsizes as in the
deterministic case, with the exception of s, = 5 and 5, = 7 for SIGD. We do not include any
results for BSG-H when the Hessian standard deviation is 0.05 because we were unable to find
stepsizes that allowed the algorithms to converge. Additionally, we do not present any results
for BSG-1, which exhibited poor performance on synthetic problems in the LL constrained case.

Starting with the deterministic results displayed in the top two plots of Figure 2, we can
clearly see that both BSG-N-FD and BSG-H outperform SIGD in terms of iterations and time.
In fact, BSG-N-FD and BSG-H yield the exact same performance in terms of iterations, resulting
in overlapping lines.

In the stochastic setting with low Hessian standard deviation displayed in the two mid-
dle plots of Figure 2, we can see that BSG-H is still able to outperform SIGD both in terms
of iterations and time, despite its inferior performance compared to the deterministic case. Al-
though BSG-N-FD has the worst performance here in terms of iterations, it is able to outperform
both BSG-H and SIGD in the long run due to its superior efficiency in terms of time. Looking
now at the setting with high Hessian standard deviation displayed in the two bottom plots of
Figure 2, we can see that BSG-N-FD is clearly the superior method. Similar to the behavior
of BSG-H, SIGD is no longer able to converge. By contrast, BSG-N-FD is less affected by the
noise, yielding the best performance.
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Figure 2: Numerical results of the BSG-N-FD, BSG-H, and SIGD algorithms on problem (5.13)
with linear constraints in y defined by (5.14) in terms of both iterations and time (in millisec-
onds).
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5.3.3 Results for the LL quadratically constrained case

In the experiments for the LL quadratically constrained version of problem (5.13), the LL
constraint set Y (x) was defined by the following || quadratic inequality constraints

yTQWy + 2TQMy

T2 TH®)
+ x
Y(x) y Qiy 'Qz y (5.15)

VARVAY

yTng)y + xTng)y < D,

where ng) e Rmxm Qg) e R™™™ and s € R, for all i € {1,2,...,|I|}, were all randomly
generated according to a uniform distribution. We again considered a dimension of 300 at both
the upper and lower levels (i.e., n = m = 50) along with |I| = 5 constraints, with Hy, Hy, Hs,
and H, chosen in the same manner as in Subsection 5.3.1.

We now present numerical results for BSG-N-FD and BSG-H on a deterministic and two
stochastic versions of problem (5.13) with constraints defined by (5.15), again testing two dif-
ferent levels of Hessian noise (with standard deviation values chosen from {0.005,0.5}) as in
Subsection 5.3.2. To the best of our knowledge, there do not exist any other bilevel stochas-
tic algorithms that can handle general nonlinear constraints in the LL problem, specifically
quadratic constraints in this case, and as a result, the following numerical experiments are the
first for this type of problem. We added noise to each gradient, Jacobian, and Hessian (in-
cluding ngcz- and szci, for all i € T U FE), as described in Subsection 5.3.1. Regarding the
stepsizes a,, and ay, we used s, = 2, 5, =4, s, = 6, and 5, = 8 for both BSG-N-FD and BSG-H
in both the deterministic and stochastic cases.

Starting with the deterministic results displayed in the top two plots of Figure 3, we can
clearly see that BSG-N-FD and BSG-H have the same exact performance in terms of iterations
and time. It would be expected that BSG-N-FD yields better results in terms of time due to the
efficiency we noted in Subsection 5.3.2. In fact, this still holds true in general, but the specific
stepsizes we chose allow both algorithms to perform well, although they also cause increased
fluctuations towards the end of the run.

In the stochastic setting with a low level of Hessian noise (the middle two plots), we notice
that BSG-N-FD is impacted by the noise, while BSG-H is still able to retain almost the same
behavior as in the deterministic case. Although BSG-H looks very favorable here, the stochastic
setting with a high level of Hessian noise (the bottom two plots) shows similar results to the
linearly constrained case in Subsection 5.3.2 (bottom two plots of Figure 2). Specifically, the
performance of BSG-N-FD remains unchanged, while we were not able to find stepsize values
that allowed BSG-H to converge.

5.4 Continual learning

We are going to use instances of Continual Learning (CL) as practical stochastic bilevel problems
to test the performance of BSG-N-FD, BSG-1, StocBiO, and DARTS. CL was briefly described
in Section 1, and is now introduced in more detail. Let us denote a whole features/labels
dataset by D = {(u;,v;), j € {1,...,N}}, consisting of N pairs of a feature vector u; and the
corresponding true label v;. For any data point j, the classification is deemed correct if the
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Figure 3: Numerical results of the BSG-N-FD and BSG-H algorithms on problem (5.13) with
quadratic constraints defined by (5.15) in terms of both iterations and time (in milliseconds).
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right label is predicted. To evaluate the loss incurred when using the prediction function ¢(u;6),
which in this section is supposed to be a DNN, we use a loss function ¢(¢(u;0),v).

The goal of CL is to minimize the prediction error over a sequence of tasks that become
available one at a time. Among the many different formulations proposed for CL, hierarchical
objectives have been used in [47, 56]. In this section, we present an incremental setting where
each task is available as a subset of samples, similar to the formulation in [47]. Given t €
{1,...,T}, let Dy be the set of samples for a new task Tj, which can be split into a training
set D!, and a validation set D{. Moreover, let us split the parameters 6; of the model ¢(u; 6;) into
two subvectors, As and &;, whose roles are to give us flexibility in minimizing the classification
error on the training and validation data along the sequence of tasks. According to [21], when
using a neural network as a prediction function, a reasonable strategy is to choose A\; and J; as
the vectors of weights in the hidden and output layers, respectively.

To solve the overall CL problem, one starts from the first task 7 and, after an arbitrary
number of iterations or amount of time, we include in the problem the second task 75. One
reiterates this procedure until all the tasks have been added to the problem. Let us now suppose
that one has already added ¢ tasks. At this stage, the goal of the UL and LL problems is to
determine the values of A\; and d; that ensure a small classification error on 7; and on all the
previous tasks T;, with ¢ < ¢. To this end, the UL problem determines (A, ;) by minimizing
the prediction error on

D\t/al = UiStD\ln
which is composed of the data sampled from the validation sets associated with the current and
previous tasks. Similarly, the LL problem determines §; by minimizing the error on

D! = UiStD‘ér .

train

Note that at each stage one solves a different problem since the objective functions of the UL
and LL change as new tasks are included in the problem. The formulation of the problem solved
at stage ¢, with ¢ € {1,...,T}, can be written as follows:

min  fu,(A¢, 0r) = % Z 2(p(u; A, 0t), V)

t
(At, 1) |Dsal (uw,v)e Dt
( (5.16)

. 1
s.t. 0, € argmin  fo( N\, &) = T Z L p(u; A\, 0t),v).

Ot ’ train‘ (u,v)€ Dt

train

We point out that the large dimension of the datasets usually considered in ML may prevent
the use of the whole sets Di. and D! from previous tasks i’s, where i < ¢ and ¢ is the current
task. In such cases, it may be necessary to resort to subsets D{. C Di and D! C D! which we
will not do in this paper given that our interest focuses on the solution of stochastic BLPs.

Once a new task is included in the problem, the classification accuracy of the DNN on the
previous tasks tends to deteriorate, thus resulting in the well-studied phenomenon of catastrophic
forgetting [26], which can be alleviated by adding LL inequality constraints to the lower level
of problem (5.16). Such inequality constraints are inspired by [37] and ensure that, at each
stage, the current model outperforms the old model on all the previous tasks, thus preventing
the deterioration of the classification accuracy when learning new tasks. In particular, for all
i <tandt> 2, we have

S U r ), v) = > UG A1, 5-1),v) < 0. (5.17)

(u,v)e D}, (u,v)€ D},
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We point out that similar constraints were also used in the bilevel formulation proposed in [56],
where the violation of the constraints is penalized. Note that, in general, the constraints in (5.17)
may be nonconvex when using a neural network as the prediction function ¢(u; A, d;). However,
our theory does encompass nonconvexity of the LL constraints as long as the LL SOSC is
satisfied (Assumption 3.7) and one is able to converge to a global optimal solution of the LL
problem (Assumption 3.10).

5.5 Results for continual learning instances

We now present numerical results comparing BSG-N-FD and BSG-1 against both DARTS
and StocBiO on the CL problem (5.16) that was posed in Section 5.4. We also include numerical
results on the CL problem with LL constraints defined by (5.17) for BSG-N-FD and BSG-1, as
no other method applies in this case. In our implementation, we determine \; (the UL variables)
on the current problem by starting from the parameter values found from the previous prob-
lem. However, since each consecutive task increases the output space of the DNN, we entirely
re-initialize §; (the LL variables) at the start of each new task (when first applying an LL step)
so that the model outputs are not biased from previous tasks.

In order to test our algorithm on a large-scale ML scenario, we chose the well-studied CIFAR-
10 dataset [32], which consists of a total of 60,000 colored images (32 x 32) of 10 different classes
(i.e., airplanes, automobiles, birds, cats, deer, dogs, frogs, horses, ships, and trucks). The dataset
is split into a training set that consists of 50,000 images and a testing set that consists of 10,000
images. For our experiments, we used only the training set. From this set, we selected a subset
of 40,000 images for training and used the remaining 9,999 images for validation (since one of
the images had an issue, we removed it from the dataset). We solved five problems (5.16) with
an increasing number of tasks from 1 to 5, where the first task datasets (D, and D} ) consist
of only the images with class labels in {0,1} (these correspond to airplanes and automobiles),
the second task datasets (D2, and D? ;) consist of the images with class labels in {0, 1,2, 3}

train
(airplanes, automobiles, birds, and cats), etc., until the final task datasets (D3, and DJ; ),

train
which are the original training and validation sets and consist of all the class labels {0, 1,...,9}.
Further, we implemented a DNN with two convolutional layers, a max-pooling layer, and one
linear fully-connected layer as our model. The network consisted of 19,392 and 163,840 weights
in the hidden and output layers, respectively. For the UL and LL problems, we have used batch
sizes equal to 0.05% and 0.01% of the sizes of the current task’s validation and training datasets,
respectively.

All of the algorithms, with the exception of DARTS in the LL unconstrained case, were run
while using an increasing accuracy strategy in the LL problem with an f, difference threshold
for increasing the number of LL iterations equal to 1072 (and a maximum limit of 30 LL
iterations). The number of UL iterations and running time (in seconds) were both used as
metrics for the comparison. As a loss function, we used the well-known binary cross-entropy
loss. In Figures 4 and 6 of this section, we plot the approximation of the true function f
given by f,, which represents the loss on the validation data used in the UL problem, referred
to as “Validation Loss”. Plotting the approximation f, instead of f is a common practice in
bilevel ML [27, 38, 46, 59, 65]. In Figures 5 and 7, we plot the fraction of validation data images
that are correctly classified, referred to as “Validation Accuracy”.

The results for the unconstrained LL case are shown in Figures 4 and 5. We are not in-
cluding BSG-H because of the extremely high computational cost of dealing with second-order
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Figure 4: Comparison of the loss on the validation data obtained by BSG-N-FD, BSG-1, DARTS,
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derivatives given the choices of DNN and dataset. We compare four algorithms, BSG-N-FD
and BSG-1 against DARTS and StocBiO, using the best UL decaying stepsize sequence { ) }ren
and the best LL fixed stepsize o found for each algorithm. The step sizes for each algorithm were
obtained by performing grid searches over the following sets: a% € {5-1073/k,1073/k,5-10~4/k}
for BSG-1, and DARTS and o € {1077 /k,1078/k} for BSG-N-FD and StocBiO; o € {1071,5-
1072,1072} for BSG-N-FD, BSG-1, and StocBiO, of € {1,5-107!,107'} for DARTS. Again, for
StocBiO, we set the constant Cj introduced in Subsection 1.2 to 0.05 and the parameter ¢ intro-
duced in Subsection 2.5 to 2, which led to the best results. By the nature of the CL problem, we
expect to see five separate “jumps” in the validation loss (the UL objective function) indicating
the start of a new task. Among the four algorithms, BSG-N-FD, BSG-1, and StocBiO have
similar performance in terms of iterations and time. In particular, in terms of iterations, they
perform the best across all tasks excluding the first two, where DARTS outperforms them due
to some initial noise observed in BSG-N-FD, BSG-1, and StocBiO. In terms of time, DARTS
has the most competitive performance, though the other algorithms are nearly comparable.

Lastly, in Figures 6 and 7, we provide numerical results for BSG-N-FD and BSG-1 on the CL
problem (5.16) when considering LL constraints (5.17). In accordance with the procedure de-
scribed in Subsection 5.1 for the LL constrained case, approximate Lagrange multipliers are
obtained at each iteration by solving the corresponding overdetermined linear system (5.2)
with the linear CG method, using a maximum number of iterations equal to 3 and tolerance
equal to 107%. The system in (5.11), which is non-symmetric, is solved by using the GM-
RES method with maximum number of iterations equal to 3 when running BSG-N-FD and 50
when running BSG-1, with a tolerance equal to 107%. In a similar manner for the CL un-
constrained case, we chose the stepsizes for each algorithm by performing the following grid
searches: a® € {5-1074/k,107*/k,5-107°/k} for both algorithms, of € {5-1072,1073,5-107*}
for BSG-N-FD, and of € {1073,5-107%,107*} for BSG-1. Referring to Figure 6, BSG-N-FD
performs best in terms of iterations on all tasks. In terms of time, BSG-1 yields similar per-
formance to BSG-N-FD except for the first task. While BSG-1 experiences some noise in the
validation loss on the third task, this does not affect the validation accuracy. It should be noted
that both algorithms seem to plateau after the second task in terms of time as the number of
iterations in each consecutive task decreases substantially. This is due to the amount of time
allotted to each task. The results in Figure 6 demonstrate that our BSG methods are able to
solve large-scale bilevel optimization problems with nonlinear constraints in the LL problem,
and similar to Section 5.3.3, these results are the first of their kind for this type of problem, to
the best of our knowledge.

6 Concluding remarks and future work

In this paper, we proposed a general framework for bilevel stochastic gradient (BSG) methods
that applies to both the LL unconstrained and constrained cases, we provided a corresponding
convergence theory that allows for any inexactness in the calculation of adjoint gradients and
that also rigorously covers the inexact solution of the LL problem, and we introduced practi-
cal BSG methods for large-scale bilevel optimization problems (BSG-N-FD and BSG-1). The
numerical results showed that BSG-N-FD, which is consistent with the theory, performs well on
the synthetic quadratic bilevel problem, regardless of the presence of constraints. For the contin-
ual learning instances, BSG-N-FD has a similar performance to the practical algorithms BSG-1
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and StocBiO on the unconstrained instances, with DARTS being slightly more competitive in
terms of time. On the constrained instances, BSG-N-FD slightly outperforms BSG-1 in terms
of iterations, while their performance in terms of time is comparable.

The results on the ML instances considered in this proposal suggest that our BSG methods
have the potential to perform well on the unconstrained bilevel formulations of NAS, which
in the literature are mostly still tackled by using DARTS when a continuous relaxation of the
(discrete) search space is used [49]. We point out that using finite differences like in BSG-N-
FD or rank-1 Hessian approximations like in BSG-1 is crucial to allow the application of the
BSG method to NAS, which would not be possible otherwise due to the extreme dimensions
of the resulting bilevel problems. Moreover, the fact that our BSG methods can solve bilevel
optimization problems with constrained LL problems paves the way for the solution of new
NAS formulations. In particular, one could think of including in the LL problem constraints
that help the model avoid overfitting [48] or constraints that depend on the specific learning
instances considered [54]. Also left for future work are variance reduction techniques, which
can be incorporated into our BSG methods to ensure faster convergence, as already proposed
in [8, 65].
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A Proposition 3.1

Proof. Let us prove (3.2). From the unified notation introduced in Subsection 2.3, D can
represent either deterministic data (i.e., D = D(z,w)) or stochastic data (i.e., D = D(z,w,§)).
There are two cases to consider: inexact adjoint system and truncated Neumann series. In both
we will use the fact that when B; and Bs are non-singular,

IB' = By < 1By (By — B2) By | < || By IIBS M| By — Ball. (A.1)

1) Inexact adjoint system. B B
The approximate BSG direction is d(D) = —(a— AB~!b), where b = b+ 7 and 7 is the residual
error due to the inexact solution of the ajoint equation (see Subsection 2.5). Now, we have

1d(D1) = d(D2)|| = || — a1 + A1By by + az — Az By ho||.
Adding and subtracting A1 B 19y and using the triangle inequality, we obtain
ld(D1) = d(Ds)|| < llar = azll + | ABy H[1b1r — boll + (|2 || A1 By — A2By .
Adding and subtracting A2 B, Uin the last norm on the right, we have

ld(D1) = d(D2)|| <l — az|| + [|Av | By 1oy — bal|
+ B2l A2l [1BT = By + lb2ll1 BT [11AL — Ao|l- (A.2)

Let us define the positive constants C; = max{CCy, CC;}, Cy = max{C2Cg2,C_'2C_'£2}, C3 =
max{CC?,CC?}, and Cy = max{Cy, Cy}, where C, C;, C, and Cy are the constants introduced in
Remark 3.1. From the assumptions of Proposition 3.1 and (A.1), and setting 71 = 71 and rg = 79,
there exists L = max{1, Cy, Cy + Cs||r2||, C1 + C4l|r2]|}, such that

|d(D1) —d(D2)|| < |lar — az| + C1(||br — b2|| + [[r1 — 72||)
+ (C2 + C3||r2||) [| B1 — Bal| + (C1 + Cylr2]|) | A1 — Az||
< L(llar — az|| + ||br — b2 + [|B1 — Ba|| + [|A1 — Az2]) + L|r1 — raf|. (A.3)

From the equivalence of norms, there exists a positive constant C such that the proof of Part 1)
is completed with Lpsg = Lmax{C, 1}.

2) Truncated Neumann series. 3 }

The approximate BSG direction is d(D) = —(a—A%b), where Z = B~!— R and R is a residual
matrix (see Subsection 2.5). By repeating the reasoning used to prove Part 1) until (A.2), we
arrive at

|d(D1) —d(D2)|| < lla1 — az|| + [| Al [|Z1]] |[b1 — b2
+ o2l | A2l |1 — Pal| + (b2l | 1] [| A1 — Az -

Let us define the positive constants C; = max{CC, CCy}, C = max{C,C}, C3 = max{C?*C%,
C%C?}, Cy = max{C? C?}, and C5 = max{C,C}, where C, Cy, C, and C; are again the
constants introduced in Remark 3.1. Therefore, by using the same arguments as in Part 1), but
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now with r; = Ry and ry = Ry, there exists L = max{1, C; + Cs||r1||, Cs, C4, C1 + Cs]||r1 ||}, such
that

|d(D1) — d(D2)|| < [la1 — az|| + (C1 + Ca||r1]) |br — b2
+ C3||B1 — Bal| + Cullr1 — ra|| + (C1 + Cs||r1|)) [|A1 — Az
< L(llar — az|| + ||br — b2|| + (| B1 — Ba|| + |[|A1 — A2]) + L||r1 — raf|. (A.4)

Again, from the equivalence of norms, there exists a positive constant C such that the proof of
Part 2) is completed with Lpse = L max{C,1}. O

B Proposition 3.2

Proof. We start by handling the LL unconstrained case. Taking the norm of equations (1.4)
and (2.7) and from Remark 3.1, there exists a positive constant Ly = C'Cy such that |Vy(z)| <
Ly and |[Vw(x)|| < L. It is well known that these two inequalities imply that y(z) and w(z)
are Lipschitz continuous in x with constant L, (see, e.g., [2, Chapter 5]). Therefore, one can
write

ly(z1) = y(zo)ll < Leller — ol and  flw(z1) —w(z2)|| < Lellzr — 2. (B.1)

To prove (3.24) for the LL unconstrained case, using the derivation followed for the proof of
Proposition 3.1 until (A.3)—(A.4) and considering m = r2 = 0, we have

IVf(z1) =V (z2)| < L(llar = azll + [[br = bal[ + [[ By = Bal| + [| A1 = Az]), (B.2)

with a; = Ve fu(@i, y(2i)), bi = Vyfulzi, y(2i)), Bi = Vi, fo(zi, y(x)), and A; = V2, fo(xs, y(ai)),
ie{l,2}.
By the Lipschitz continuity of V, f,, in (z,y) due to Assumption 3.1, we have

lar — az|l = [ Vafulzr, y(z1)) = Vo fule, y(@2))| < Lifl(z1 — 22, y(x1) — y(22)) |,
where L; denotes the Lipschitz constant. Squaring both sides and using (B.1), we obtain
lar — az|* < Li(ller — ol® + Lilla1 — 22]|*) = LI(1+ LY)||z1 — 22>

Taking the square root of both sides yields ||a; — ag|| < Lg||z1 — x2||, where L, = Li(1 + L?)%.
Since V f, is Lipschitz continuous in (x,y), after performing the same process as above, we
will obtain the following bound: ||V, fu(z1,y(x1)) — Vyfu(z2,y(z2))|| < Lpllz1 — x2|. Simi-
larly, since ng fe and ng fe are Lipschitz continuous in (z,w), we have vay fo(z1,y(x1)) —

V2, fo(wa, y(z2))|| < Lpllzy — 22| and || V2, fo(z1,y(x1)) — V2, fo(z2,y(22))|| < Lallzr — 22|
Thus, substituting all of these into (B.2), we obtain

[Vf(x1) = Vf(z2)| < Lygller — 22,

where Ly = L (Lo + Ly + L4 + Lp). This concludes the proof for the LL unconstrained case.
The proof for the LL constrained case follows very similar steps. However, given the struc-
ture of the adjoint gradient (2.8) in the constrained case, we must first establish the Lipschitz

48



continuity in = of V,G and V,G given in (2.6). At this point of the paper, this follows from
already-seen arguments, which we will briefly summarize here to avoid repetition. The Lipschitz
continuity of the Hessian terms szﬁg and szﬁg results from the Lipschitz continuity of the
Hessians defining the problem, the Lipschitz continuity of the multipliers (B.1), the Lipschitz
continuity of sums and products, and the boundedness of all terms by Assumption 3.5. The
Lipschitz continuity of the terms zy onclT and zy oVycIT results from the Lipschitz continuity of
the Jacobians, the Lipschitz continuity of the multipliers (B.1), the Lipschitz continuity of sums
and products, and the boundedness of all terms. The remaining elements in (2.6) are constraint
functions and their Jacobians, which are Lipschitz continuous per Assumption 3.5. O

C Theorem 4.4

Proof. For any k € N, we can write

Egan[l| 241 — z,|%] = Eean[|| Px (), + c d(g, W, &k)) — .||%]
< Egan|||zy, + ay, d(zx, @x, &) — 24|]
= [lzg — @] + Q%Elel["d(xka Wiy &) |17

+ 200, Egan[d (g, @r, &)] T (2k — @4).

Adding and subtracting the term 2ak<E§ZU [d(xr, w(zk))]) T (2 — 24), noting that d(zy, w(zy)) =
—V f(x), and applying the Cauchy-Schwarz and Jensen’s inequalities, we obtain

Egou [l w51 — 24l|?] < llon — 2.1 + aiBemllld(ap, @, &)|°] — 200V f () T (wy, — )
+ 200 Egan[d (g, @, &) — d(ag, wlzp))] (on — )
< g = @o|® + aZBean [l d(@r, Dr, &) 17] — 200,V f (1) T (24 — )

+ 20 Eganll|d(p, Dk, k) — d(ap, wlzp)|[][ler — .
Then, by using Assumption 4.3 and inequalities (3.4), (3.14), and (4.7),
Egnlllzin — 24]*] < (1= 2cay)l|lzx — 2:]|* + (Ga + 2Ca0) aj.
Denoting M = G4 + 2C30 and taking the total expectation on both sides, one obtains
Elllzxss — 2.2 < (1 — 2cay)Elllz — .| + Ma}.
Using oy, = 7 for some constant v > 5=, it follows by induction [43, Eq. (2.9) and (2.10)] that

max{2v2M (2cy — 1)L, [|zo — 24]|?}

Eflox — ]2 < . | ©.1)
which proves the first result.
From (3.25), one obtains (see, e.g., [2, Lemma 5.7])
1
Flor) < flaa) + V(@) (2r = 2) + 5 Logllag — o (C.2)
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From (C.1) and (C.2), by taking the total expectation and recalling that z, is an interior point
of X (which implies V f(z.) = 0), one can obtain the optimality gap in terms of function values,
yielding

1
5 Lo Elllzk — i |?]

o (Lvg/2)max{292M (2cy = 1)~ [lwg — 2%}
— k' .

E[f(zr)] — f(xx)

IN

D Theorem 4.5
Proof. Assumption 4.5 implies that
Vi(ar) (op — @) > flag) = fla). (D.1)

Repeating the same arguments that in the proof of Theorem 4.4 led to (C.1), but now using (D.1)
instead, we obtain

Egn (w1 — 2] < o — 2® + 20k (f () — f(2x)) + (Ga+ 2Ca0)aj;
Letting M = G4+ 2C40, we have
Egon [lopsn — 2l®] < llaw — @l® + 200 (f (1) — flan)) + Mag.
Rearranging, taking total expectations, and dividing by «aj, we obtain

E[llex - l?]  E [lleies — ol

2(E[f(xk)] - f(x*)) < + May,.
AL (073
If we replace k by s and sum over s =0,1,...,k, we obtain
lzs = z)?]  E[[lzst1 — 2]
2Z®mM#mDSZ< el [; AN

s=0 s=0 § s s=0

EWWM| Na g
= +Z — E[||$s—$*”2] —|—MZas

s=1 *s Oés_ s=0

_Uqu+Mi
- - asu
s=0

where the last equality is obtained by observing that the term E [||zg — 2 ||?] /oo cancels out
with the negative term from the first summation when s = 1. Using Assumption 4.3 and
repeating the same steps used in [36, Theorem 5.3, we can obtain the desired result. O
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