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ABSTRACT

This work develops an analysis and algorithms for solving a class of bilevel
optimization problems where the lower-level (LL) problems have linear constraints.
Most of the existing approaches for constrained bilevel problems rely on value
function based approximate reformulations, which suffer from issues such as non-
convex and non-differentiable constraints. In contrast, in this work, we develop
an implicit gradient-based approach, which is easy to implement, and is suitable
for machine learning applications. We first provide an in-depth understanding of
the problem, by showing that the implicit objective for such problems is in general
non-differentiable. However, if we add some small (linear) perturbation to the
LL objective, the resulting implicit objective becomes differentiable almost surely.
This key observation opens the door for developing (deterministic and stochastic)
gradient-based algorithms similar to the state-of-the-art ones for unconstrained
bi-level problems. We show that when the implicit function is assumed to be
strongly-convex, convex and weakly-convex, the resulting algorithms converge with
guaranteed rate. Finally, we experimentally corroborate the theoretical findings and
evaluate the performance of the proposed framework on numerical and adversarial
learning problems. To our knowledge, this is the first time that (implicit) gradient-
based methods have been developed and analyzed for the considered class of bilevel
problems.

1 INTRODUCTION

Bilevel optimization problems (Colson et al., 2005} |Dempe & Zemkoho| [2020) can be used to model
an important class of hierarchical optimization tasks with two levels of hierarchy, the upper-level
(UL) and the lower-level (LL). The key characteristics of bilevel problems are: 1) the solution
of the UL problem requires access to the solution of the LL problem and, 2) the LL problem is
parametrized by the UL variable. Bilevel optimization problems arise in a wide range of machine
learning applications, such as meta-learning (Rajeswaran et al.| 2019} [Franceschi et al.| 2018)), data
hypercleaning (Shaban et al., [2019), hyperparameter optimization (Sinha et al., |2020; |[Franceschi
et al2018;2017; |[Pedregosa, |2016)), adversarial learning (Li et al., ) 2019; Liu et al.| 2021a};[Zhang
et al.| [2021), as well as in other application domains such as network optimization (Migdalas, |1995)),
economics (Cecchini et al., 2013)), and transport research (Didi-Biha et al.,|2006; [Kalashnikov et al.,
2010). In this work, we focus on a special class of stochastic bilevel optimization problems, where the
LL problem involves the minimization of a strongly convex objective over a set of linear inequality
constraints. More precisely, we consider the following formulation:

min{ G(x) = f(x.¥°(x)) = Bel (.5 (x):)] . (1)

s.t. y*(x) € arg min {h(x7 y) | Ay < b}, (1b)
yER%

where & ~ D represents a stochastic sample of the objective f(-,-), X C R% is a convex and closed
set, f : X x R% — R is the UL objective, h : X x R% — R is the LL objective, and f, h are smooth
functions. We focus on the problems where h(x,y) is strongly convex with respect to y. The matrix
A € RF*de_and vector b € R” define the linear constraints. In the following, we refer to (Ta) as the
UL problem, and to as the LL one.
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The success of the bilevel formulation and its algorithms in many machine learning applications can
be attributed to the use of the efficient (stochastic) gradient-based methods (Liu et al.,[2021a)). These
methods take the following form, in which an (approximate) gradient direction of the UL problem is
computed (using chain rule), and then the UL variable is updated using gradient descent (GD):

VG(x) & Vo f(x, 7" (x) + [V¥V* (x)]TV, f(x,7*(x)) GD Update:xt =x— BVG(x). (2)

The gradient of G(x) is often referred as the implicit gradient. However, computing this implicit
gradient not only requires access to the optimal ¥*(x), but also assumes differentiability of the
mapping y*(x) : X — R%. One can potentially solve the LL problem approximately and obtain an
approximation ¥ (x) such that y(x) ~ y*(x), and use it to compute the implicit gradient (Ghadimi &
Wang, [2018). Unfortunately, not all solutions y*(x) are differentiable, and when they are not the
above approach cannot be applied.

It is known that when the LL problem is strongly convex and unconstrained, then Vy™*(x) can be
easily evaluated using the implicit function theorem (Ghadimi & Wang| 2018)). This is the reason that
the majority of recent works have focused on developing algorithms for the class of unconstrained
bilevel problems (Ghadimi & Wang] [2018; Hong et al., 2020; Ji et al.| [2021; [Khanduri et al.| 2021b;
Chen et al,[2021a)). However, when the LL problem is constrained, Vy ™ (x) might not even exist. In
that case, most works adopt a value function-based approach to solve problems with LL constraints
(Liu et al., |2021b; [Sow et al., [2022; [Liu et al.l 2021c). Value-function-based methods typically
transform the original problem into a single-level problem with non-convex and non-differentiable
constraints. To resolve the latter issue these approaches regularize the problem by adding a strongly-
convex penalty term, altering the problem’s structure. In contrast, we introduce a perturbation-based
smoothing technique, which at any given x € X makes y*(x) differentiable almost surely, without
practically changing the landscape of the original problem (see (Lu et al.l[2020, pg. 5)). It is important
to note that the value function-based approaches are more suited for deterministic implementations,
and therefore it is difficult to use such algorithms for large scale applications and/or when the data
sizes are large. On the other hand, the gradient-based algorithms developed in our work can easily
handle stochastic problems. Finally, there is a line of work (Amos & Kolter, [2017;|Agrawal et al.|
2019; Donti et al.| 2017} |Gould et al.,|2021)) about implicit differentiation in deep learning literature.
However, in these works the setting (e.g. layers of neural network described by optimization tasks)
and the focus (e.g., on gradient computation and implementation, rather than on algorithms and
analysis) is different. For more details see Appendix [A]

Contributions. In this work, we study a class of bilevel optimization problems with strongly convex
objective and linear constraints in the LL. Major challenges for solving such problems are the
following: 1) How to ensure that the implicit function G(x) is differentiable? and 2) Even if the
implicit function is differentiable, how to compute its (approximate) gradient in order to develop
first-order methods? Our work addresses these challenges and develops first-order methods to tackle
such constrained bilevel problems. Specifically, our contributions are the following:

— We provide an in-depth understanding of bilevel problems with strongly convex linearly constrained
LL problems. Specifically, we first show with an example that the implicit objective G(x) is in
general non-differentiable. To address the non-differentiability, we propose a perturbation-based
smoothing technique that makes the implicit objective G(x) differentiable in an almost sure sense,
and we provide a closed-form expression for the (approximate) implicit gradient.

— The smoothed problem we obtain is challenging, since its implicit objective does not have Lip-
schitz continuous gradients. Therefore, conventional gradient based algorithms may no longer
work. To address this issue, we propose the Deterministic Smoothed Implicit Gradient ([D]SIGD)
method that utilizes an (approximate) line search-based algorithm and establish asymptotic con-
vergence guarantees. We also analyze [S]SIGD for the stochastic version of problem (I)) (with
fixed/diminishing step-sizes) and establish finite-time convergence guarantees for the cases when
the implicit function is weakly-convex, strongly-convex, and convex (but not Lipschitz smooth).

— Finally, we evaluate the performance of the proposed algorithmic framework via experiments on
quadratic bilevel and adversarial learning problems.

Bilevel problem|I] captures several important applications. Below we provide two such applications.
Adversarial Training. The problem of robustly training a model ¢(x; ¢), where x denotes the model

parameters and c the input to the model; let {(c;,d;)}, with ¢; € R%: d; € R be the training set
(Zhang et al.l 2021} |Goodfellow et al., 2014). It can be formulated as the following bilevel problem:
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N
N .
. —* —* arg min h7(¢(XaC+Y)7d)
min {37 fi0xies + 51 (0)).do) | st 5 (x) € 4 E ; YRS )
i=1 st. —b<y<b
wherey = [y?,...,y4]7 € R?; with y; € R%: denotes the attack on the i example and we

have Zf\;l dy, = dy. Moreover, f; : R x R — R denotes the loss function for learning the model
parameter x, while h; : R x R — R denotes the adversarial objective used to design the optimal
attack y. Note that the linear constraints in the LL problem —b < y < b models the attack budget.

Distributed Optimization. In distributed optimization (Chang et al.| 20205 Yang et al.|[2019), a set
of N agents aim to jointly minimize an objective function G(x) over an undirected graph G = (V, E).
We consider the following distributed bilevel problem

N N
min G(x) = (X4, Y7 (x4 } s.t. y*(x) € ar min{ hi(x;,y:) s.t. A :0},
{600 > i Fita))} st 300 € argmin{ 37 hilxe i) st Ay
where x = [x1,...,xy]andy = [y1,...,yn~]. Each agent i € [N] has access to f; and h;. The
constraint Ay = 0 (resp. Ax = 0) is introduced to ensure the consensus of LL (resp. UL) variables.
Such problems arise in signal processing and sensor networks (Yousefian, 2021)). This formulation
also models a decentralized meta learning problem where the training and validation data is distributed
among agents while each agent aims to solve the meta learning problem globally (Ji et al., 2021).

2 PROPERTIES AND IMPLICIT GRADIENT OF BILEVEL PROBLEM ()

2.1 PRELIMINARIES

In this section we study the properties of problem[I] First, let us define the necessary notations. Let
A(y) be the matrix that contains the rows S(y) C {1,...,k} of A that correspond to the active
constraints of inequality Ay < b in the LL problem, that is we have A(y)y = b(y), where b(y)
contains the elements of b with indices in S(y). Also, we denote with X" (x) the Lagrange multipliers
vector that corresponds to the active constraints at y* (x) Next, we introduce some basic assumptions.

Assumption 1. We assume that the following conditions hold for problem (I)):
(a) f(x,y) is continuously differentiable, and h(x,y) is twice continuously differentiable.

(b) X is closed and convex; Y = {y € R | Ay < b} is a compact set.

(c) h(x,y) is strongly convex in'y, for every x € X, with modulus pp,.
(d) There exists y € R% such that Ay < b.
(e) A(Y*(x)) is full row rank, for every x € XE]

The Assumptions [()] and [(c)] are standard assumptions in bilevel optimization literature and are
required to ensure the continuity of the implicit function (Proposition[I)). Assumption ensures
that the implicit function G(x) is well defined as the LL problem returns a single point. Assumption
[I[(d)] ensures strict feasibility of the LL problem, while Assumption implies that the rows of
A corresponding to the active constraints are linearly independent. Note that this assumption is
necessary to ensure the differentiability of the implicit function (Lemma [I]2). Also note that there
are some special cases in which Assumption[Ife)]is automatically satisfied. For instance, consider a
problem where the LL problem has box constraints, i.e., a <y < b. Then for any y € ) the only
possible non-zero values in the matrix A(y) are +1, —1, and there is only one non-zero value at each
column. Therefore, A(y) is full row rank. Next, we utilize the above assumptions to analyze the
properties of mapping y* (x).

Proposition 1 (Appendix . Under Assumption |I| the mapping y*(x) : X — R% and the
implicit function G(x) are both continuous.

Proposition|I]ensures that ¥*(x) and G (x) are both continuous. Now if we can ensure differentiability
of ¥*(x), then we should be able to implement a gradient-based update rule to solve (I). However,
as the following example illustrates, ¥*(x) and thus G(x) are not differentiable in general.

1This is the LICQ condition (Bertsekas,|1998) of the LL problem. It is used to ensure that the optimal solutions satisfy the KKT conditions.



Under review as a conference paper at ICLR 2023

Example. Consider the following problem

ren[(i)nl]x +7"(z) sty (x) € argrgin{(yQ —2°)? | V3/5<y <1} 4)
v ’ ye Original Problem
The mapping 7*(z) is §*(z) = =, if x € [\/3/5,1], and T*(z) = 05e

V/3/5,ifz €10,4/3/5). In Figure we plot this mapping. Notice

X082
that at the point x = 4/3/5 the mapping (and thus the implicit >,
function) is non-differentiable. O .
To address the non-differentiability issue, we introduce a 070 ore 0% 08

perturbation-based "smoothing" technique. Specifically, for any
fixed x € X, we modify the LL objective h(x,y) with the addition
of the linear perturbation term q”'y, where q is a random vector sampled from some continuous
distribution Q. We use the following notation for the “smoothed” LL objective

Figure 1: Plot of 7* ().

9(x,y) = h(x,y) + q"y and y* (x) := argmin{g(x,y) | Ay < b}. 5)
yeR%
Also, we denote F'(x) := f(x,y*(x)) as the respective “smoothed” implicit function. Such a

perturbation is used to ensure that at a given x € &, the strict complementarity (SC) property holds
for the LL problem with probability 1 (w.p. 1); see the lemma below for the formal statement.

Lemma 1. ( 2020, Proposition 1)) For a given x € X, if y*(x) is a KKT point of problem

ming cga, (X, y), q is generated from a continuous measure, and A(y*(x)) is full row rank, then
the SC condition holds at x, with probability 1 (w.p. 1).

Combining SC ensured by Lemmawith Assumption 1, we can show that the implicit mapping y*(x)
is (almost surely) differentiable, which further implies that the implicit function F'(x) is differentiable
at a given x € X, and obtain a closed-form expression for the gradient (Lemma 2). We would like to
stress that the properties mentioned above (i.e., SC and differentiability) are defined locally, at a given
point x € X. These properties will be used later to design algorithms that approximately optimize
the original problem (). Finally, it is worth noting that, in the absence of such a perturbation term,
we would have to introduce the SC property as an assumption.

2.2 IMPLICIT GRADIENT

In this section, we derive a closed-form expression for the gradient of the implicit function F'(x).

Lemma 2 (Implicit Gradient, Appendix [D-1.2). Under Assumption[l} for any given x € X, we have
* * -1 * T —x*
Vy*(x) = [Vi,9(6, " (x)] [~ Vi9(xy*(x)) = A VX (x)] (6)

1T

VX (x) = —[A[V2,9(x,y" (x)] A | [A[V2,9(x,y* (x)] T V2,9(x,y (x)], ()
where we set A := A(y*(x)).

Note that when LL problem (TB) does not have the LL constraints, the implicit gradient derived in

Lemma 2| becomes exactly same as the one in|Ghadimi & Wang (2018); Ji et al| (2021). Moreover, if

the LL problem has only linear equality constraints, the differentiability of y*(x) follows from the
implicit function theorem under Assumptions and along with full row rankness of A. In
fact, the expression of the implicit gradient stays the same as in Lemma 2| with A and A*(x) replaced
by A and A" (x), respectively (i.e., we use the full matrix A). Finally, using Lemmaabove we now
have an expression of the implicit gradient as

VF(x) = Vo f(x,y"(x)) + [Vy" ()] Vy f(x, 5" (x)). ®)

2.2.1 APPROXIMATE IMPLICIT GRADIENT

Note that computing V F'(x) requires the precise knowledge of y*(x) which is not possible for many
problems of interest. Therefore, in practice we define the approximate implicit gradient as

VF(x) = Vo f(x,5(x)) + [Vy* %))V, f(x, 5(x)), ©)
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where Vy* (x) is defined by setting the approximate LL solution ¥ (x) in place of the exact one y*(x)
in expressions () and (7). In order to ensure that (9) returns a useful approximation of the (exact)
implicit gradient, we impose a few assumptions on the quality of the estimate ¥ (x).

Assumption 2. The approximate solution of (perturbed) LL problem (3) ¥ (x) satisfies the following
Vx e X:

(@) [[y(x) —y*(x)|| <0 ford >0,
(b) ¥(x) is a feasible point, i.e., Ay(x) < b,
(c) It holds that A(y*(x)) = A(Y(x)).

The LL problem requires the solution of a strongly convex linearly constrained task. As a result,
Assumptiong(a)[(b)|can be easily satisfied. Specifically, we can obtain approximate feasible solutions
of given accuracy with known methods, such as projected gradient descent, or by using some
convex optimization solver; in section [B]of the Appendix we provide one such method. Moreover,
Assumption [2(c)] will be satisfied if we find a “sufficiently accurate” solution y(x). Specifically,
from Calamai & Moré (1987, Theorem 4.1) we know that if y*(x) € ) is an arbitrary sequence that
converges to a non-degenerate (i.e., Assumptionand SC holds) stationary solution y*(x), then
there exists an integer kg such that A(y*(x)) = A(y*(x)), Vk > kq.

Remark 1. There are certain special cases where we can obtain an upger bound for k. For instance,
in the case of non-negative constraints 'y > 0 it can be show that - log (2L [ly° — y* (x)[|/7)
iterations of the projected gradient descent method suffice to ensure that the active set of the
approximate solution y (x) coincides with the active set of the exact one y*(x) (see Nutini et al.{(2019,
Corollary 1)), where T = min;c g (y+(x)) Vy, 9(X, y*(x)) and yY is the algorithm’s initialization. A
similar result can be derived for the case with bound constraints a <y < b.

Next, we introduce additional assumptions that are required to analyze the properties of (9).
Assumption 3. We assume that the following holds for problem (1), Vx,X € X and y,y € R
(a) f has bounded gradients, i.e., |V f(x,y)| < ff.

VIxy) = VIEYI < Lillx vl = Kyl
(c) h has Lipschitz continuous gradient in'y, i.e., |V, h(x,y) — Vyh(x,5)| < Lp|ly — 3.

Viuh(%,¥) = Vi, h(x,9)|l < Ln,, ly =¥l
Vigh(xy) = Vi h(x 9 < La,, lly = ¥l
(f) h has a bounded Jacobian, |V2,h(x,y)|| < La,,.

Assumption@is standard in bilevel optimization literature (Ghadimi & Wang,2018};[Hong et al.| |2020;
Chen et al., 2021a; |J1 et al., 2021) and is used to derive some useful properties of the (approximate)

implicit gradient (Lemma 3] Appendix [D.1.3). It is easy to see that Assumptions [[{a)[(c)]and [3|hold
directly for the perturbed objective (3) with constants y1; = pp, Ly = Ly, Ly, =Ly, Ly, =

Ly, Ly,, = Ln,,; we also assume that Assumption |I{e)|holds for the perturbed LL problem (J).
Lemma 3 (Appendix [D.1.3). Suppose that Assumptions [[|2|3| hold. Then, for every x € X the
following holds

I9F() - VF)I < Lp -5, [VFG)| <Tr and [FFG| < T,

where Lp = Ly + Ly*ff + Lffy*, and Ly = (1 + fy*) ff; the constants fy* , Ly« are defined
in Lemmas [7[9) respectively, provided in the Appendix.

(b) f has Lipschitz continuous gradients, i.e.,

(d) h has Lipschitz continuous Hessian in'y, i.e.,

(e) h has Lipschitz continuous Jacobian, i.e.,

2.2.2 STOCHASTIC IMPLICIT GRADIENT

In the stochastic setting, the (approximate) stochastic implicit gradient is computed as:

VE(x:€) = Va (x,5(x):€) + [Vy* ()] V[ (x. §(x);). (10)
Also, we make the following assumption on the stochastic gradients of the UL problem.

Assumption 4. We assume that the stochastic gradients are unbiased, i.e. E¢[Vf(x,y;&)] =

V f(x,y) and have bounded variance, i.e., E¢||V f(x,y;&) — Vf(x,y)|]* = aj%for some oy > 0.

?Under the assumption that V,,, g(x, y*(x)) > 0,Vi € S(y*(x)).
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Algorithm 1 [Deterministic] Smoothed Implicit Gradient Descent ([D]SIGD)

Input: Initial parameter x9, # of iteration 7', LL solution accuracy, §", o, measure Q, s
Sample q ~ Q and perturb LL problem
forr=0,1,..., 7 —1do
Find an approximate solution y(x”) s.t. Assumption is satisfied.
Compute VF(x") using (9), d” = X" — x" with X" = proj  (x" — sVF(x"))
Select a” s.t. the following Armijo-type rule condition is satisfied

AN AN S

F(x") = F(x" 4+ a"d") > —o - ' [VF(x")]Td" — ¢(5;7) (11)

where ¢(d; 1) depends on §”, &" and problem-dependent parameters; ﬁ() =f(,¥()).
7: Perform one projected gradient step: x"t! = x" +a” - d"
8: end for

Algorithm 2 [Stochastic] Smoothed Implicit Gradient Descent ([SISIGD)

: Input: Initial parameter x°, # of iterations T', step-sizes { BT}TTZ_OI, LL solution accuracy &
: Sample q ~ Q and perturb LL problem
:forr=0,1,..., T — 1do
Find an approximate solution y(x") s.t. Assumption [2]is satisfied.
Compute VF(x";£") using (10)
Perform one stochastic projected gradient descent step: x" T = proj , (x” — ,BT§F (x5 €M)
end for

AN A Rl oy

Assumption []is a typical assumption required to ensure that the approximate implicit stochastic
gradient is also unbiased and has finite variance (Ghadimi & Wang} 2018} [Hong et al., [2020; |Chen
et al.,[2021a)) as shown in Lemma@below.

Lemma 4 (Appendix m Under Assumptions[I|2|3]and ] the stochastic gradient estimate in
(I0) is unbiased, i.e., B¢[VF(x;€)] = VF(x) and has bounded variance , i.e., E¢||VF(x;§) —
VF(x)|| < 0% where 0% = 20? + 2Ly~ U]%; where Ly« is defined in Lemmaﬁin the Appendix.

3 THE SIGD ALGORITHMS AND CONVERGENCE ANALYSIS
3.1 THE PROPOSED ALGORITHMS

In this section, we develop gradient-based methods for solving problem (I) by leveraging the
smoothing based technique introduced in the previous section. Recall that for any x € X, we
can introduce a perturbation to make the optimal solution y*(x) of the perturbed LL problem
differentiable. Next, to proceed with the algorithm design, there are two options available. First,
generate a perturbation for each x € X" encountered in the algorithm. Second, generate a single
perturbation at the beginning of the algorithm, and use it throughout the execution of the algorithm.
It is worth mentioning that, both approaches perform equally well in our numerical experiments.
However, for the ease of analysis, we adopt the second approach. To justify such an approach, below
we show that, just sampling a single q is suffice to make F'(x) differentiable (almost surely) at a
sequence of countable points.

Lemma 5 (Appendix [D.2.1). Ler {x"}22, € X be an arbitrary sequence. Consider the implicit
function F(x) := f(x,y*(x)), where y*(x) is defined in ), where a single perturbation q is used.
Then F(-) is differentiable at all the points {x"}32 o w.p. 1.

Due to this result, in the following analysis, we assume that the almost sure differentiability will
also be satisfied for the iterates generated by our algorithms as suggested by Lemma 5] Further, our
algorithm design is guided by the fact that, unlike bilevel programs with unconstrained LL tasks
(see Lemma 2.2(c) in|Ghadimi & Wang|(2018)), the implicit gradient V F'(x) in @) is not Lipschitz
smooth in general. This implies that algorithms that provably converge only under the Lipschitz
assumption, will not work in our case, particularly when the implicit function is non-convex. Towards
this end, we propose the [Deterministic] Smoothed Implicit Gradient Descent ([D]SIGD) method
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(Alg. [I), a determinstic line-search-based method, which does not require Lipschitz smoothness or
another special structure (e.g., convexity), and show asymptotic convergence (Theorem|[I). Moreover,
for the cases where the implicit function is weakly-convex, convex or strongly convex (but still not
Lipschitz smooth) the [Stochastic] Smoothed Implicit Gradient Descent ([S]SIGD) method (Alg. |Z|)
is developed, a stochastic gradient-based method, for which finite-time convergence guarantees are
derived (Theorem 2]3J4).

3.2 CONVERGENCE ANALYSIS

As discussed above, in the context of algorithm design and analysis we sample a single perturbation q,
and keep it fixed during the algorithm execution. As a result, the algorithm is effectively optimizing
the following smooth surrogate of the original problem (T):

min { F(x) = f(x,y"(0) = Ee[fx.y" (x): )] | (122)
s.t. y*(x) € arg min {g(x7 y) =h(x,y) +q'y ‘ Ay < b}, (12b)

yERd@

where q € R% is generated from a continuous measure only once and thus is considered fixed.
Next, we show that the original problem (I)) and the smoothed surrogate problem (12)) are “close”.
Specifically, we show below that the original implicit function G(x) and the "smoothed" implicit
function F'(x) differ by a quantity that is controlled by the size of the perturbation vector q.

Proposition 2 (Appendix . Under Ass. and we have: |G(x) — F(x)| < ff%, VxeX.

Note that the only requirement on q is that it is generated from a continuous measure. Therefore we
can always choose a distribution such that ||q|| is arbitrarily small. Next, let us analyze Alg. I} We
have the following asymptotic result.

Theorem 1 (Appendix [D.2.3). Suppose that Ass. [I] [3] hold. At each iteration r of Alg. 1
we find 0 < a” < 1 such that the Armijo-type condition (1)) is satisfied with €(6;r) =
L™ + LpLpa™§™ + L™ + L%oa” (5’”)2 + 2LpLpoa™8". Further, we select " such that
Ass. is satisfied, lim,_, o, 6" = 0, and it holds that 6" /a” ~ O (c"), where ¢ is some sequence with
lim, o0 ¢ = 0. In addition, the sequence A" is selected such that it is gradient related to VF(x"),
i.e., “for any subsequence {X" }.cr converging to a non-stationary point, the corresponding subse-

~ ~ T ~
quence {d" },.cr is bounded and satisfies limsup,. _, ., ,.er [VF(XT)} d” < 0” (Bertsekas) 1998

eq. 1.13). Then w.p. 1 the limit point X of the sequence of iterates generated by the [DJSIGD Alg.1]|
is a stationary point.

Note that in Theorem[T] only asymptotic convergence is guaranteed. However, this is the best we can
do since we do not impose any Lipschitz smoothness or convexity assumptions. On the other hand,
in the special cases where the implicit function is weakly-convex, strongly convex or convex (but still
not Lipschitz smooth), it is possible to derive finite-time convergence guarantees as presented next.
Towards this end, we need to impose the additional assumption that the set X" is bounded; combining
this property with Assumption [I]implies that X" is compact. So, in the following results we assume
that X" is a compact set with diameter Dy := sup, zcx [|x — X]|.

Weakly Convex Objective. We make the following assumption on the implicit function F'(-).

Assumption 5. We assume that for some p > 0 the implicit function F(x) satisfies: F(z) >
F(x)+ (VF(x),z — x) — £|z — x[|* Vx,z € R%.

Assumption |5| implies that the function F'(x) + §||x||2 for p = p is convex while for p > p is
strongly convex with modulus p — p. Many problems of practical interest satisfy the weak-convexity,
for example, phase retrieval (Davis et al.| 2020)), covariance matrix estimation (Chen et al., [2015)),
dictionary learning (Davis & Drusvyatskiyl, 2019), Robust PCA (Candes et al., 201 1) etc. (please see
(Davis & Drusvyatskiyl 2019) and (Drusvyatskiy, | 2017) for more details). For providing guarantees
for the [S]SIGD algorithm we utilize a Moreau envelope based analysis. For this purpose, we first
rephrase the UL problem as an unconstrained one: min, cga., H(x) := F(x) + Iy (x), where Iy (x)
is the indicator function of set X’ defined as: Iy (x) := 0if x € X and Ix(x) := oo if x ¢ X. Below
we define the Moreau envelope of H (x).
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Definition 1. Given A > 0, the Moreau envelope of H(x) is defined as

i 1 21 _ o 1 2
H(x) = min {H(@) + 51 |x — 2]} = min {F() + 5 |x — 2]},
where the second equality follows from the definition of H(x). Moreover, we denote the proximal
map of H(x) as X := prox,  (x) which is defined as

1 1
X = arg min {H(z) + —|x-— z||2} = arg min {F(Z) + —|x-— z||2}.
zERu 2 zEX 2\
The norm of the gradient of the Moreau envelope satisfies the following:
Ix —x|| = A|VHA(x)|l, H)< H(x), and dist(0;0H (%)) < |[VHx(x)], (13)
where dist(0; 0H (X)) = — infy.|v|<1 H'(x;v) and H'(x; v) denotes the directional derivative of

H at x in direction v. Note that a small gradient ||V H)(x)|| implies that x is near some point X that
is nearly stationary (Davis & Drusvyatskiy}, 2019). Then we have the following result.

Theorem 2 (Appendix [D.2.4). Under Ass. and [3 with step-sizes " = (8 for all r €
{0,...,T — 1} and for any constant p > 32 the iterates generated by Algorithmsatisfy (wp. 1)

T-1 A 0 *

1 2p  [Hyp(x")—H

— > E|VH;;;(x")|* <

7 2 EIVH (1 < g5 | S
Theorem implies that with the choice of 3 = O(1/v'T), the [SISIGD algorithm converges to a

stationary point at a rate of O(1/+/T) with an additive error determined by the accuracy of the LL
problem’s solution ¢ (see Assumption [2).

+Bp(o% +Tr) + ZPPL%(SQ} .

Strongly Convex and Convex Objective. Next, we provide the guarantees for the case when the
implicit function is strongly convex. We make the following assumption.

Assumption 6. We assume that the objective F(X) is up-strongly convex, i.e., F(z) > F(x) +
(VF(x),z — x) + L2 ||x — z|* Vz,x € X. Note that for jup = 0, the objective becomes convex.

Theorem 3 (Appendix|[D.2.5). Under the Assumptions|] and|6] with jip > 0 and the choice

of step-sizes 7 = m the iterates generated by Algorithm 2| satisfy the following (w.p. 1),

0% + L) log(T)
HF T
Theorem 4 (Appendix [D.2.6). Under Assumption M and with pr = 0, and step-sizes

E[F(x) - F*] < {  DaLed.

BT = B forr € {0,...,T — 1}, the iterates generated by Algorithm 2| satisfy the following (w.p. 1),

BlFG) - i < DX

The results of Theorems [3| and [4] imply that the implicit function F'(x) converges to the optimal
value at a rate of O(1/T) for strongly-convex objectives with diminishing step-sizes, and at a rate
of O(1/+/T) for convex objectives with 5 = O(1/+/T). Note that convergence is shown to a
neighborhood of the optimal solution where its size is determined by the size of the LL error 4.

T—1
—2 1
+2B(0% + L) + DxLpd, wherex = T;)XT.

4 EXPERIMENTS

In this section, we evaluate the performance of Algorithms|[T]and 2] via numerical experiments. First,
we compare the performance of [D]SIGD to the recently proposed PDBO (Sow et al., [2022) for
constrained bilevel optimization on a quadratic bilevel problem. Then in the second set of experiments,
we evaluate the performance of [S]SIGD against popular adversarial training algorithms.

Quadratic Bilevel Optimization. Consider the quadratic bilevel problem of the form (T)) with

1 1 1
FO6y) = Il* +10x"y = ZllylI* + 1%+ 1Ty + 1and h(x,y) = x"y + Sy [* + 20+ 32, (14)
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and linear constraints of the form |y;| < 1,7 € {1,2}.

Here, x = [z1,20]", y = [y1,1]" with z;,y; € Rfor 2 = P
i € {1,2},and 1 = [1,1]7 . The evaluation criterion is — PDBO

the stationarity gap ||V F'(x)||.

On this problem we execute [D]SIGD (Algorithm [T)),
[SISIGD (Algorithm E]) and PDBO (Sow et al., 2022).
In the first two cases, we solve the inner-level problem
using 10 steps of projected gradient descent with stepsize 0 20 20 0 2

10~1. For the stepsize of [S]SIGD, we choose 5 = 0.1, iterations

while in [D]SIGD we find the proper Armijo step-size . . . .

by successively adapting (by in(l:)reazing m) ghe qurz)lntity Figure 2: [|VE (x)|| vs # of iterations.
a, = (0.9)™ until condition (TT)) is met. In PDBO we select 10~! for the stepsizes of both the primal
and dual steps, and the number of inner iterations is set to 10. In Figure[2] we plot the convergence
curves for the three algorithms with respect to number of iterations; the results are averaged over 10
runs. Note that the line search [D]SIGD method outperforms the fixed step-size [S]SIGD and PDBO
while [S]SIGD performs similar to PDBO.

Adversarial Learning. We consider an adversarial learning problem of the form given in (3). For the
perturbation we focus on the e-tolerant £,-norm attack constraint, namely ) = {y € R% [ |ly|loc <
€}, which can easily be expressed as a linear inequality constraint as in the LL problem of (3).
We consider two widely accepted adversarial learning method as our baselines, namely AT (Madry
et all 2017) and TRADES (Zhang et al., 2019b). Also, we consider two representative datasets
CIFAR-10/100 (Krizhevsky et al.,2009) and adopt the ResNet-18 (He et al., [2016)) model; the results
for CIFAR-10 are provided in Appendix|C} In particular, we studied two widely used,(Madry et al.,
2017;|Wong et al., 2020) attack budget choices e € {8/255,16/255}. In the implementation of our
[SISIGD method, we adopt a perturbation generated by a Gaussian random vector q with variances
from the following list 0% € {2e—5, 4e—5, 6e—5, 8e—5, le—4, }, in order to study different levels
of smoothness. Moreover, for solving the LL problem in each iteration we select a fixed batch of
samples. We choose f; to be cross-entropy loss and h; = — f; + A||y;||? for hyper-parameter A > 0.
For [S]SIGD, we follow the implementation of (Zhang et al.,|2021) but with perturbations in the LL
problem. We evaluate the robustly trained model with two metrics, namely the standard accuracy
(SA) and robust accuracy (RA), where we evaluate the accuracy of the robustified model on the
clean and attacked test set, respectively; the attacked set is generated using PGD-50-10 (Madry et al.,
2017) (i.e., 50-step PGD attack with 10 restarts). Desirably, a well trained model possesses high RA
while maintaining simultaneously the SA at a high level. Table[I]shows the performance overview of
our experiments. We make the following observations. First, a low level of perturbation variance
(e.g., 0% € {2e—5,4e—5}) in general improves both SA as well as RA, which presents an enhanced
RA-SA trade-off. For example, in the setting (CIFAR-100, e = 16/255), our algorithm boosts the RA
by over 0.3% and the SA by 2%. Second, a high level of perturbation variance harms the robustness
but results in high SA. This is reasonable, since the stochastic gradient becomes too noisy with large
variances. Third, our method outperforms AT and closely matches the performance of the stronger
baseline TRADES. However, we would like to stress that the intent of our work is not to design a
specialized adversarial learning method, and thus robustness gap between our method and the strong
baseline does not diminish the value of our method. Additional details are provided in Appendix [C.2]

Table 1: Performance overview of different methods on CIFAR-100Krizhevsky et al. (2009) with ResNet-18|He
et al.|(2016). The result a1 represents the mean value a with a standard deviation of b over 5 random trials.

CIFAR-100, € = 8/255

[SISIGD (Gaussian variance o2)
2e—5 4e—>5 6e—> 8e—H le—4

SA 53.8310.19 | 53.3310.18 | 53.88+0.20 54.0110.24 53.79+0.14 54441018 57.T410.22
RA 27.3610.24 | 28444017 | 27434012 28224010 28124014 27144021 25.2240.15

€ = 16/255

SA 42.0640.17 | 42.1940.03 | 44.0640.19 45.6640.25 46.57+0.00 47.114032 47.4640.44
RA 15.1040.28 | 16.5940.26 | 15.5140.17 14184022 13.924095 13.5410.18 13.4240.26

Metrics AT TRADES
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A RELATED LITERATURE

Bilevel optimization problems, initially encountered in the context of Stackelberg (leader-follower)
games (Von Stackelberg & Vonl [1952), find applications in a multitude of areas, including machine
learning (Liu et al., 2021al)), economics (Mirrlees, [1999), power systems (Abedi et al.l 2021} [Arias|
et al}[2008), chemical industry (Raghunathan & Biegler, [2003)), transport research (Didi-Biha et al.
2006; [Kalashnikov et all,[2010); see (Colson et al., [2005; |Dempe & Zemkoho, 2020; [Sinha et al.
2017; [Liu et al.l 2021a) for a number of survey papers. The “classical” approaches for solving

bilevel problems include the use of approximate descent methods (Shaban et al., 2019} (Ghadimi &
Wang], [2018}; [Franceschi et al.} [2017), penalty methods (Lin et all,[2014), KKT reformulations-based

approaches (Allende & Still, [2013), value function-based methods (Ye & Zhu, [1995}, [Sow et al,
[2022), and trust-region algorithms (Marcotte et al.| 2001). In addition, bilevel problems are known to

be related to mathematical programs with equilibrium constraints (MPEC) (Luo et al.,|1996).

Recently, motivated by machine learning applications, gradient-based approaches have gained popular-
ity for solving bilevel optimization problems 20214), e.g., in hyperparameter optimization
(Shaban et al, 2019} [Franceschi et al., [2017; 2018), and meta learning (Rajeswaran et al. [2019;
[Franceschi et al., [2018). The majority of those works are focused on solving bilevel problems with
unconstrained strongly convex LL problem, for both stochastic and deterministic objectives (Ghadimi
& Wang, Hong et al. [2020; [Khanduri et al.,2021a3b}; [Chen et al.| [2021a} [Ji et al, 2021} |Chen
et al.,[2021b} |Yang et al.,[2021). An attractive property of such problems is the existence and easy
computability of the implicit gradient. Moreover, under mild assumptions, the implicit gradient for
these problems can be shown to be Lipschitz smooth (e.g., see (Ghadimi & Wang|, 2018, Lemma 2.2)
and (Khanduri et al., 20216, Lemma 3.1)). In contrast, for bilevel problems with linear LL constraints
the implicit gradient in general might not exist, and even if it exists computing it in closed-form is a
challenging task. As discussed earlier, we develop a perturbation-based smoothing framework for the
constrained LL problem that ensures the existence of the implicit gradient in an almost sure sense,
and allows us to compute an expression for the implicit gradient.

In [Ciu et al| (2021¢) and [Sow et al.| (2022)) the authors have considered bilevel optimization with
(general) constraints in the LL problem. Both papers develop a value function-based framework
that leads to a single level problem with non-convex constraints. In|Liu et al/| a sequential
minimization approach is followed where the value-function and the LL constraints are incorporated
into the objective using penalty or barrier functions. In (2022) a primal-dual-based
framework is proposed in which the problem is regularized with the addition of a strongly-convex
penalty term, while a constant error term is added to make the constraint set strictly feasible. In
contrast, our approach relies only on a small linear perturbation which can be made arbitrarily small
without practically changing the landscape of the LL problem.

There is also a line of works (Amos & Kolter}, 2017, [Agrawal et al.l 2019} [Donti et al.l, 2017; [Gould
[2021)) about implicit differentiation in deep learning literature. These works Deep-Learning-type

(DL-type) are indeed related to ours, in the sense that at the core of both of them lies the computation
of the gradient/Jacobian of the solution of an optimization problem. However, there are some key
differences. First, in our work we consider a constrained bilevel optimization problem and we are
interested in analyzing this problem from an optimization perspective. On the other hand, in the
DL-type works the optimization problems that are studied describe the input-output relationships of
neural networks layers and the main focus lies in deriving Jacobians for the backward pass. Secondly,
in our work we study a special bilevel problem (the constraints are linear) and derive a closed form
expression for the implicit gradient. On the contrary, in the DL-type works the underlying problems
have more general constraints and the Jacobian is usually computed using numerical methods (e.g.,
solving iteratively a system of KKT equations), rather than analytically. Finally, in our work the
focus is on studying the properties of the bilevel problem (e.g. differentiability, approximation errors),
developing (deterministic and stochastic) algorithms, and performing a convergence analysis. On the
other hand, DL-type works focus mainly on the Jacobian computation and its implementation.

Finally, there is a number of works on implicit differentiation on non-smooth problems
2011} Bertrand et al . [2021; [2020). However, these works typically deal with special (non-smooth)
LL problems, e.g., in[Mairal et al.| (2011)); [Bertrand et al.| (2020) the non-smooth term in the LL is the
¢1-norm, and in|Bertrand et al[(2021) the non-smooth term is separable. On the contrary, in our work
we are considering smooth LL problems and general linear inequality constraints.
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B SOLUTION METHODS FOR THE LL PROBLEM

The LL problem is a strongly convex linearly constrained optimization task. As a result, there
exist many efficient ways to find its solutions. In order to discuss about them, we consider two
different classes of problems depending on the exact form of the linear constraints and the difficulty
of computing the respective projection operator: 1) the projection has a closed-form solution, 2) the
projection requires the solution of an optimization problem. Before we proceed, we would like to
stress that the problem we are solving, i.e., the bilevel problem with linear constraints in the LL, is a
very challenging one, regardless of the specific form and the exact way we approach the solution of
the LL problem.

In the first class of problems, where the projection can be computed in closed form, we have problems
with special linear constraints. One characteristic example is box constraints, i.e. constraints of the
form a <y < b, where the inequalities apply in a component-wise manner. These constraints appear
in applications, such as adversarial learning (see the motivating applications in the main text). In
this case, we can use some first-order iterative algorithm to solve the LL problem and project each
iterate onto the constraint set using the closed-form expression (which only incurs a constant cost per
iteration). For instance, we can use the projected gradient descent method which probably converges
to the optimal solution with a linear rate.

In the second class of problems, the projection operator does not possess a closed-form expression.
In this case we can approach the LL problem as a convex optimization task, and solve it using
some convex optimization solver (e.g. employing interior-point methods) to obtain a highly accurate
solution with a complexity of O (p(dy, k) log(d,/¢€)), where p(+) is some polynomial and € is solution
accuracy. Alternatively, as mentioned in the previous case, we can use a projected gradient descent-
type method that enjoys a linear convergence rate guarantee. Differently from the previous case
though the projection operator computed at each iteration requires the solution of an optimization
problem. Nonetheless, the projection task we are referring to is a (strongly convex) quadratic linearly
constrained problem, that is a special quadratic programming task, which is easy to solve in practice.
In algorithm 3] we describe the solution of the LL using a projected gradient descent algorithm.

Algorithm 3 Projected Gradient Descent (PGD)

. Input: Initial parameter y°, Current iterate x, # iter T, step-sizes {7"}7T;01, Constraints A, b

1

2: forr=0,1,..., 7 —1do

3y =y =" Vy(x,y")

4 Project y"*1 to Y = {y € R%|Ay < b} by solving the following QP:

min |ly —y" " *st. Ay <b (15)
yERe

5: end for

C ADDITIONAL EXPERIMENTS

In this section, we include additional experiments on quadratic bilevel optimization problems and
Adversarial training along with the implementation details. First, we evaluate the performance of the
[D]SIGD and [S]SIGD on quadratic bilevel optimization problems.

C.1 NUMERICAL RESULTS

We consider the following linearly constrained quadratic bilevel problems of the form @ with the
UL and the LL objectives defined as:
1 1 1 1 1
fxy) = ZIIXII2 +5x"y — leyll2 , hix,y) = EIIXII2 + §XTy + Z\Iyll2 (16)

1 1 1
Foey) = SIxI* +2x"y = Syl A y) = x"y + Syl (17)
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Figure 3: Convergence curves w.r.t. number of iterations.

1 1 1
fxy) = 1||X||2 +2xTy — ZH.Y||2 +1, h(xy)=x"y+ §||.‘>’H2 +1Tx+1Ty.  (18)

In the first two cases, we have d,, = d; = 2, and the linear constraints in the LL are of the form
—1<y; <1, i€ {1,2}. In the third example, we have d,, = d; = 2, and the linear constraints in
the LL are of the form —5 < y; <5, i € {1,2}, =5 < y; + y2 < 5. We compare the performance
of SIGD algorithms to recently proposed PDBO 2022). In Figures [3a] [3b|and 3c| we
present the evolution of the stationarity gap ||V F(x)|| during the execution of the three algorithms,
for the problems (T6) (T7) and (T8), respectively. The results are averaged over 10 random runs, and
the variance of the results across these runs is reflected on the shaded region across the convergence
curves. In our experiments, we choose the step-size using the backtracking line search for [D]SIGD
as stated in Algorithm [T} while for [S]SIGD we choose a constant step-size. Note that since all
problems are deterministic [S]SIGD utilizes a gradient estimator with zero variance.

In problem (T6), we solve the LL problem using 10 steps of projected gradient descent with stepsize
0.1; in the case of [D]SIGD the stepsize is 1. For the stepsize of [S]SIGD, we choose 3 = 0.1, while
in [D]SIGD we find the proper Armijo step-size by successively adapting (by increasing m) the
quantity a,, = (0.9)™ until condition (TT)) is met. In PDBO we select 0.1 for the stepsizes of both the
primal and dual steps, and the number of inner iterations is set to 10. In problem (I7), we solve the
LL problem using 20 steps of projected gradient descent with stepsize 0.1; in the case of [D]SIGD
the number of steps is 10 and the stepsize is 1. For the stepsize of [S]SIGD, we choose 5 = 0.1,
while in [D]SIGD we find the proper Armijo step-size by successively adapting (by increasing m)
the quantity a,, = (0.95)™ until condition (TI) is met. In PDBO we select 0.1 for the stepsizes of
both the primal and dual steps, and the number of inner iterations is set to 20. In problem (T8)), we
solve the LL problem (of both [D]SIGD and [S]SIGD) using 10 steps of projected gradient descent
with stepsize 0.1. For the stepsize of [S]SIGD, we choose 5 = 0.1, while in [D]SIGD we find the
proper Armijo step-size by successively adapting (by increasing m) the quantity a,, = (0.9)™ until
condition (TT)) is met. In PDBO we select 0.1 for the stepsizes of both the primal and dual steps, and
the number of inner iterations is set to 10.

16
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C.2 ADVERSARIAL LEARNING

In this section, we present some additional results along with the implementation details for the
adversarial learning problem. As noted earlier, we consider the adversarial learning problem of form
(E]). For learning the perturbation y*(x), we focus on the e-tolerant ¢.,-norm attack constraint, i.e.,
V={yeR“ | lyllco < €}. Note that this constraint can easily be expressed as a linear inequality
constraint as in the LL problem in (3). In particular, we evaluate the performance of [S]SIGD on two
widely used attack budget choices of € € {8/255,16/255} (Madry et al., 2017 Zhang et al., 2019b;
‘Wong et al., 2020; |Andriushchenko & Flammarion, 2020; [Zhang et al.l | 2019a)). In the implementation
of our [S]SIGD method, we adopt a perturbation generated by a Gaussian random vector q with
variances from the following list 02 € {2e—5,4e—5, 6e—5, 8e—5, le—4, }, in order to study different
levels of smoothness. We choose f; to be cross-entropy loss and h; = — f; + Al|y;||> with A > O as a
hyper-parameter. For solving (3), in each iteration we select a fixed batch of samples for both the UL
and LL problems. Also, note that the ReLU-based neural networks commonly lead to a piece-wise
linear decision boundary w.r.t. the inputs (Moosavi-Dezfooli et al.| [2019)). This implies that the
implicit gradient in (TO) can be further approximated using a Hessian-free implementation, where the
Hessian of the LL problem can be approximated by AI (Zhang et al.,[2021}, Eq. (25)). Note that these
approximations are common in practice and do not lead to performance degradation compared to the
case when full Hessian is used to compute the implicit-gradient (Zhang et al.| 2021, Table 5). Next,
we analyze the effect of adding different perturbations q in the LL problem on the performance of
[SISIGD. Specifically, we choose q ~ N (O, 021) and evaluate the performance of [S]SIGD with o2.

In Figure we plot the robust accuracy (RA) and the standard accuracy (SA) with respect to the
variance of the Gaussian perturbation vector used in the LL problem. As can be seen, the RA increases
as the variance increases within a certain range. However, with stronger noise (i.e., o2 > 107%),
the RA drops sharply, while the SA increases. This is reasonable, since high variance makes the
true LL gradient noisy. For easier observation, in Figure [5] we zoom in the part of Figure[d] where
02 € [0,8 - 1075]. It can be clearly seen that adding a small perturbation q helps in improving the
RA.
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Figure 4: The influence of Gaussian variance on the RA and SA. The experiments are based on CIFAR-10 with
ResNet-18 model.

Next, we compare the performance of [S]SIGD against two widely accepted adversarial learning
methods as baselines, namely AT (Madry et al., 2017) and TRADES (Zhang et al., [2019b). Here,
we present the results for CIFAR-10 dataset (Krizhevsky et al.,[2009) and adopt the ResNet-18 (He
et al|[2016). In Table 2] we compare the performance of [S]SIGD for different perturbation variances
with classical AT (Madry et al., |2017) algorithm and TRADES (Zhang et al., 2019b). Note that
for appropriate choice of perturbation variance [S]SIGD outperforms the classical AT algorithm
while performs is only slightly worse compared to TRADES, especially, for higher attack budget of
e = 16/255.
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Figure 5: The influence of Gaussian variance on the RA and SA.

Table 2: Performance overview of different methods on CIFAR-10 (Krizhevsky et al.,2009) with ResNet-
18 (He et al.; 2016). The result a+p represents the mean value a with a standard deviation of b over 5 random
trials.

CIFAR-10, e = 8/255

[SISIGD (Gaussian variance 02)
2e—5 4e—5 6e—> 8e—5 le—4

SA 80.7840.23 | 80.2340.23 | 80.7010.14 81.204022 81.5210921 83.194024 85.08+0.44
RA 50.7140.21 | 51.1740.19 | 50.78 4021 51.15409.19 50.594018 49.8340.23 47.8340.13

¢ =16/255

SA 70.3140.11 70.2240.09 | 71.4310.14 72.7940.24 73.5040.00 73.9840.35 75.3140.33
RA 32124018 | 33.3540.14 | 32.724025 31.7310.10 29971014 29.3910.15 27.6710.07

Metrics AT TRADES

D PROOFS

D.1 PROOFS OF SECTION[2

D.1.1 PROOF OF PROPOSITION[]

Note that the goal of Proposition [l|is to establish the continuity of the mapping y*(x) and the
implicit function G(x) = f(x,y"(x)). In the following, we will show that under Assumption
¥*(x) is in fact continuous, which will then utilize to establish the continuity of G(x). Before
starting the proof we need a few definitions. Consider the LL problem (TB)) and let us denote the set
Y = {y € R%|Ay < b}. Note that in general the constraint set )V can depend on the UL variable
x € X. For such cases, Y(x) is aset valuedmap ) : X — R and is referred to as a correspondence.
However, for the bilevel problem in (Ta) and (IB)) the correspondence ) is independent of x € X and
is a fixed set. Also, we define the upper-semi continuity (USC) and the lower-semi continuity (LSC)
for the correspondence ) (x). To define these notions of continuity, we will utilize the notion of an
e-ball defined below.
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Definition 2 (e-Ball). For) C R, and given € > 0, we define the open ball about Y as
B(Y) ={y eR” | |ly = ¥'l| <¢, forsomey' €V},
where || - || is the standard Euclidean norm.

Using the e-ball we define the Upper Semi-Continuity (USC) of the correspondence ).

Definition 3 (Upper Semi-Continuity (USC)). The correspondence ) : X — R is USC if for every
x € X and € > 0, there exists a 6 > 0 such that Y(x') C B.(Y(x))), if x' € X and ||x — x'|| < 4.

Next, we define the notion of Lower Semi-Continuity (LSC).

Definition 4 (Lower Semi-Continuity (LSC)). The correspondence Y : X — R% is LSC if for any
sequence x,, in X that converges to a point x € X, and'y € )(x), there exists a sequence 'y, such
thaty, € Y(x,), foralln € N, and lim,, oo yn =Y.

Theorem 5 (Berge’s Theorem of Maximum (Lecturel [2017)). Let X C R pe a non-empty set.
Also, let Y : X — R be a correspondence such that the set J(x) is compact and non-empty for
allx € X, and Y is USC and LSC. Then, if g : X x R% — R is a continuous function with y* (x)
defined as

¥'(x) € argmin {g(x.y) |y € V(x) },
yERe

the correspondence y*(x) is non-empty for all x € X, and USC.
Remark 2. Ify*(x) is singleton, then USC implies the continuity of the map y*(x) : X — Y. 0O

Next, we present the proof of Proposition ]

Proof. The proof of proposition[I|follows from the application of Berge’s theorem.

To begin with, note that for our problem the set ) is a fixed set independent of x € X. We are going
to verify the conditions of Theorem[3] First, note from Assumption [[[b) that the set ) is non-empty
and compact. Then, it is easy to see that Y C B.()), for every ¢ > 0, and that implies the LSC of ).
Moreover, since the set ) is independent of x € A and compact, for every sequence x,, — x in X,
we can always find a sequence y,, — ¥, such thaty,,,y € ). Therefore, ) is LSC. Finally, using
Assumptionwe see that the function g(x,y) is continuous. Then, Theoremimplies that the set
¥*(x) is non-empty and the correspondence USC.

Using the strong-convexity of g(x,y) with respect to y (Assumption we claim that 7" (x)
will be a singleton, and thereby a continuous mapping. Then, the continuity of y*(x) implies the
continuity of G(x) = f(x,¥"(x)), since the composition of two continuous functions is continuous.
The proof is now complete. O

D.1.2 PROOF OF LEMMA[Z]

Proof. In this proof we follow a reasoning similar to (Parise & Ozdaglar, 2017, Thm. 1). However,
differently from that work we consider bilevel problems rather than Nash games. To begin with,
consider the Lagrangian of problem (3)), i.e.,

Then, for some fixed x € X, consider a KKT point (y*(x), A" (x)) of (3), for which it holds that,
* VyL(x,y*(x), A" (x)) = Vyg(x,y" (x)) + ATA"(x) = 0

« W) (Ay*(x) —b) =0
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Now, consider the active constraints at (y*(x), A"(x)), and to simplify notation let us set A=
A(y*(x)). Using the notations defined in Section [2{and the SC property, the KKT conditions given
above can be equivalently rewritten as

Vy(x,y (x)+ A A(x) =0, Ay (x)—b=0, X (x)>0, (19)

where X" (x) is the subvector of A*(x) that contains only the elements whose indices correspond to
the active constraints at y = y*(x). Moreover, notice that the point (y*(x), A*(x)) is unique. The
uniqueness of y*(x) follows from the strong convexity of g(x, -); the uniqueness of A*(x) results
from the fact that matrix A has full row rank (which guarantees regularity, e.g., see Bertsekas|(1998)).

As mentioned in section[2] the SC condition (from Lemma|I}) combined with Assumption[I]implies
that the mapping y*(x) is differentiable almost surely (Friesz & Bernstein, 2015, Theorem 2.22). As
aresult, at any given point x, we can consider a sufficiently small neighborhood around it, such that
the active constraints A remain unchanged. Then, we can compute the gradient of (I9) using the
implicit function theorem as follows

V2,9(%,y" (%)) + V2,9(x, 7" (%)) Vy* (x) + A VX" (x) = 0 (20)
AVy*(x) = 0. 1)

Solving the (20) for Vy*(x) yields
Uy (x) = [V3,900 5" ()] [~V2,00x 5" (x) - A VA (%) @2

where we exploited the fact that the Hessian matrix V; g(x,y*(x)) is positive definite and thus
invertible. Substituting (22) into 1)) gives

A[V2,906y" ()] [~ V2,900, y"(x)) = A VX (x)] =0

— YX'(x) = [A[V,000y" ) AT] T [AIVE, 000y ()] 200y ()]

Finally, note that the KKT point y*(x) corresponds to the unique global minimum of (3)), due to the
strong convexity of g(x, -). The proof is now complete. O

D.1.3 THE PROOF OF LEMMA[3]

The proof of Lemma [3|requires several intermediate results which we provide below. Note that under
Assumption it holds that A(y*(x)) = A(¥(x)); for simplicity we will denote these matrices as
A in the derivations of this subsection. Moreover, for any given matrix A we will denote with L 4 the
maximum value of the quantity || A (¥(x)) ||, across all x € X

Lemma 6. Suppose that Assumption[I|2]5| hold. Then for any x € X, we have:

(@ ||[V2,00x,3)] 7| < &, vy e R
2 * -1 2 S -1 1)
) [|[93,90 5" D] ! = (V2,006,560 [ < (£) Lo

A w2 4" < T, vy € R%
(c) [ yyg(xvy)] S Ly, VY € .

__ 1711 1— 17711 .
(d) [A [V2,9(x,y"(x))] 1AT] — [A (V2,9(x,¥(x))] 1AT} HSLiLZ,}ngyy&

Proof. a) We know that g(x,y) is strongly convex in y with modulus 1. Therefore, for any x € X
we have

szg(x,y) = gl = 0,Vy € R%

1
— 0 < [V2,9(x,y)] " = Iy e R
g9

— |[Vaaey) | < vy e R 23)
g
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b) To begin with, notice that for arbitrary square invertible matrices P, () we have

I =@ = P @- P < fo - @il el < Jo e ar e

Then, using the above inequality we get
* -1 ~ —1
Hwawxyuw] —Waaxwwﬂ H

= H[ 9%,y ( H V35,90, y" (%)) = V3,90, () | H )rlH

S(;)ZmyWW@—?@W

2
S ( ! ) Lgyy5
Hg

where in the second inequality we used the result from Lemmalf(a)|and the Lipschitz Hessian property
of g in yy (Assumption[3(d)); in the third inequality we use the Assumption §a)]for y(x).

¢) In our problem we have that g strongly convex in y and Lipschitz gradient in y. Thus, for any
x € X we have

LI~ Viyg(x,y*) = pugl =0

1 —1 1
=0=<—1=<[V? < —I R%.
0= 1= [Vyyg(x,y)] 2 Vy €

Also, for every x € X', we have that

_ 2 . .
|4"2|" = 2" AA" 2 2 Ain(AA") 22, vz € R

Using the above two lower bound we get

_ _1—T 1 — T
2" A[V2,9(x,y)] A z> L—y)\mm(AA Yz|? > 0,z € R \ {0},

where the last inequality follows from the fact that A is full row rank which implies that
Amin(AAT) > 0,¥x € X.

Since the above inequality holds for every z € R% \ {0}, it Vx € X we get that

1—T /\’rnin (ﬂT)
L

AVi,9xy)] A = -0
Y
- {771 )’

A[V2 g(x,y e = Y I
ATty A 2
__ _1—71—1 L
A[V2 g(x,y 1AT Y
|19 ] A (A7)

Finally, for the given matrix A, consider the submatrix A = A(y(x)) generated by consider-
ing only the subset of its rows corresponding to the active constraints at y(x). From Assump-

tion [1c)| we know that A(y(x)) is full row rank for every x € X, and so we can ensure that
Amin (A (¥(x)) A (¥(x)) ) > 0,Vx € X. Then, we denote with \A,,;,, the minimum value of the

quantity Ain (Z (¥(x) A (?(x))T> across all x € X. Therefore, we conclude that
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d) Applying formula 24) with P = A [Viyg(x, y* (x))] | Q=A [ngg(x, §(x))] 2" we
get

A0ty 00 7] [A (900 5600)]

<[ [A[72, 000y 6] AT | A V2000 )] AT - A V2,006, 50)] A
1—-T 1—T 1—T
[ a5 a7
< | [ty o) AT [A (72000700 - (T3] ] 4|
[A2005000) 47|
< (A0t ™ A 17 17207600 = (05000 [

‘ [Z [V2,9(x,5(x))] ﬂzT] - ’

—2 1

where in the final inequality we used the bounds derived in Lemma [§{b)] [f(c)] and the bound
IA]l < La.

The proof is now complete. O

Now let us bound the norm of the gradients of the mappings A* (x) and y* (x).

Lemma 7. Under Assumptions the gradients of the mappings N*(x) and y*(x) satisfy the
following bounds for every x € X,

IVX" 60 < Tne, [[VX°60)| < e
IVy* (x)[| < Ly«, [Vy*(x)]| < Ly-
where Ly+ = thLAf and Ly~ = ;%y (Lg,, + LaLx-). Note that VX' (x) and Vy* (x) are

obtained by substituting the estimate y(x) in place of y*(x) in the expressions VA (x) and Vy*(x),
respectively (Please see Lemma2)).

Gzy Gzy

Proof. From Lemma 2] we have

—x% — % —1—-7]" 1 [— * -1 *
VX'(x) = = [A[V3,90x,y" ()] AT [A[92,000 5" (x)] T V2,90, ()]
Then, taking the norm of this quantity we get,

[ eal| = | [AL¥ yygxyuﬂ*ff [A[vzyg<x,y*<x>>1IViyg<x7y*<X>>]H

H V5,90 y* (%) H || 4] H o9y ( H V2,90, y"(x))]|

< LALAfZgw : L,\*7
Hg
where in the last inequality we used Lemma [fa)] and Assumption (D)}
Similarly, for [ VA" (x)|| we have that

1T~

9% 60| = | [ I¥0005000] 7 7] [A [0 5600) " P00560)]|

_ 1_ _
< Lala—Ly,, = Lx-.
Hg )
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Moving to the bound of ||Vy*(x)||, we know from Lemma [2|that the formula of the gradient of
y*(x) is

Vy' () = [V,000 3" ()] [~ 9,000,y () - AT YN ()] @3)
Then, we have that
19y ()l = (7300 >} gty o) - TN |
st vt st
gljg(nvngy D+ 4] |73 )

IN

1 _ _
— (Lgmy + LAL)\*) = Ly*
g

where in the second inequality we used we used Lemma the third inequality follows from
Assumption and the bound for HVX* (x) H we derived above.

Similarly, for H@y(x) H we can obtain the following bound
|9y 60| = [[[¥2,96 5600 " [-V2,90x,500) - A" VX ()|

L (20t 5600 + [ [ 950

IN

1 — _ —
< — (ngy + LAL)\*) = Ly~.
Hg
The proof is now complete. O

In the next two results we are going to present bounds for the difference of the exact and approximate
gradients of the mappings X" (x) and Vy*(x).
Lemma 8. Suppose that Assumptions[I|2|B| hold. Then, the following bound holds

IVA"(x) = VA" ()| < La-4,

3 _ _ _ 2_
where L~ = (M%) LiLi&LnyLyzy + ,%,LALALQW + (i) LALALgnygzy

Proof. Using the derivation of VX' (x) from Lemma and its approximation VX" (x) where we
substitute y*(x) with ¥(x) in the formula of the former, that is,

1—=T7"

YN () =~ [A[92,00.560)] " AT] T [A V2,00 900)] " V2,00 500)]

we obtain

[V 60 - VX )| = H [A[V2,000y60)] A7) [A V2,000 v ()] 92,000y (0)]
- [A172000 5600 A7) (A7, 000500)) 7 T 00x560)] |

Below, we use the following notation in order to simplify the derivations.

H(x) = [A[92,90x,y"(x))] " A"], G(x) = [V2,90x,y" (x))] ", M(x) = V2,9(x,y" (x))

H(x) = [A[V2,00x,5(x))] A" |, Gx) = [V2,9(x,5(x))] "

, M(x) = V2,9(x,7(x))
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Then, we have that
VX" () = VX ()| = || () AG(x) M (x) — B () AG(x) M (x)|

T R)AGH)M(x)|

INE
=
®
=
Q
L
®
\

+ [ A AGH)M(x) ~ A (x) AGx) M (x)|
< |60 = B 0| [A] GGl 1360l
260 1) 0160 — B 0|

—~
o>
=

< |E 60 - A7 G| IFA] GG M G0l

Q>

769

+ ||| 1 G G0 6o - M o|| + || 60| A || 6o0) - G| [ 360

+
b
%

1A [|e60nt0 — e i) + |60 6 -

IA
&
®

— A7 )| [[A] 166l M) |

(<C)L L? (1 )2L 0L 4 —1 + LaL —1L 0+ LaL <1 >2L 6L
= yy zy ALA zy AL A vy 2y
AA Ly g i g Iig Gay Lhg g g

3 2

1% _ _ 1\ _

_ () LiL%Lgnygzy—i—LALAng—i—() LaLaL,, L., |0
Hg Hg Hg

In (a) we add and subtract the term H- 1(x)AG(x)M (x) and apply the triangle inequality. In (b) we
add and subtract the term G(x) M ( ) and apply the trlangle mequahty In (c) we use Lemmafor
1H1) — GOl () Lemma el or 117~ (x)|
and || ()], B0 for 1 o) and |37 i (x) - ()],
and finally Lemmafor 1G(x) — G(x)|.-

The proof is now complete. O

Lemma 9. Suppose that Assumptions[I|2|3| hold. Then, the following bound holds
IVy*(x) = Vy(x)[| < Ly-4,

2 _ 2 _
where Ly = (L) Ly, To., + - Lysy + () Loy Lala + ELaLx.

Hg

Proof. From Lemma 2] we have that
x 2 x 2 T ox*
Vy*(x) = [V2,906, 5" ()] " [-92,90x,y" () = A" VA ()] .
We can also get @y(x) by substituting ¥ (x) in place of y*(x) in the above formula, i.e.,

Vy(x) = [V3,00x,560)] " [~ V2,0(x.5(x)) = A" VX (x)] .
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Then, we have that

Vy* (X) - VY(X) = [Vyyg(x,y*(x))}i —szg(x,y*(x)) - A VX (X)
H 7y00) | ' VR (o)
- [V 30)] [Voa560) - 47X ) |

192,00 )] el () — [93,0x.560)] ' V(500

+ V2,900, 5"(x)] T ATV (x) = [V2,0(x,5(x))] AT IX ()

< |[v2,,g<x y (x))] Vayg(x,y" (%)) - [vyyg<x,s7<x>>r1vmyg<x,y*<x>>H
+ || 172,902, 560)] ' Va9 () = [V2,906, 5]~ Va9, 5760) |
+ [vf,yg<xy ()] AV ()~ [V5,0(x.5(x)] A VA (x)

+ V2,906 360)] " ATIX (%) - [V2,9(x.5(x))] AT VX (x)

< [vzygm y*(x»r — [V2,9(x,5(%) 9%,y (%))

+ | [V, 5]~ H V20905, 5" () = Vayg(x, 569)|

+ [ 195,00 <x>>] ~ [Viasto 52 1 A vx e

+ | [Vioate.560)] (x) - VX ()

(2 1‘])2Lgyy§LAL>\*+M1LAL>\*5

— 1
) Ly, 0Ly, +—Lg, 0+ (
o ' Hg ' 12 g

1\ - 1 1\? _ 1
= () Lg’y’ngwy + 7ngy + () Lg’y’yLAL)‘* + 7LAL}‘* 0.
Hg Hg Hg Hg

In (a) the triangle inequality was used In (b) we add and subtract the expressions
[Viyyg(x,¥(x))] nyg(x v*( and y(x) A V)\ in the first and second

terms, respectively. In (c) we apply Lemma - Assumptlon- | the bound || A|| < Ly,
Lemmas[Z]and[8]

The proof is now complete. O
Now we have all the results needed to prove Lemma 3]

Proof of Lemma[3] To begin with, the exact and approximate (due to the inexact solution of the LL
problem) implicit gradients of the objective F'(x), are given below.

VF(x) = Vo f (x.y" (%) + [Vy" ()] ¥y f (x, ¥ (%))
~ ~ T
VF(x) = V. f(x,5(x) + [Vy(x)] Vyf(x,5(x)).
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Then, we can compute the norm of their difference.
IVF(x) = VEx)| = |Vaf(x,5(x)) + [VF()]" V,f(x,§(x))
= Vol (xy* (%) = [Vy* ()] Vy f(x, 3" ()]
(a)
< Ve f(x,¥(x) = Vo f (x, 5" (%))
+[[Vy(x))"V, f(x,5(x) = [Vy* ()] V, f(x,y" (%)
(b)
< Ve f(%,5(x)) = Vo f(x, 5" (%))
+[[Vy ()] Vy f(x,5(x)) = [Vy*(x)]" Vy f(x,5(x))]|
+ [ [Vy* ()] Vy f(x,5(x) = [Vy* (x)]" V, f(x, 5" (x))]
(c) ~
< Lelly(x) =y () + IVy(x) = Vy" ()| Vy f (x, ¥ (x))l
VY @)V f(x,¥(x) = Vi f(x,57(x))]|

(d) ~

< Lylly(x) =y " ()l + [Vy(x) = Vy" (x))[[[[Vy f (%, ¥ (x))]]
+ LeIVy" ())l[y (x) — y* (x) |

Y L6 4 LydL; + LTy

= (Lf + Ly*ff + Lffy*) 6 := L6, (26)
where Ly = L + Ly«Ly + LyLy-. Also, in inequality (a) above we apply the triangle inequality;
in (b) we add and subtract the term [Vy* (x)]" V, f(x,¥(x)), and use triangle inequality; in (c) and

(d) we use the Lipschitz gradient property of f (Assumption [(b)); in (e) we apply Assumptions
and and Lemmas [7]and 9]

Now consider the expression ||V F(x)||. We have that

IVEG)| = [V (.3 () + [V ()] ¥, £ (x5 (0) |

S Ve f Ky )+ VY )V f (3" ()]
< (1 + fy*) ff = ZF,
where we applied Assumption [}(a)and Lemma(7] Similarly, we can see that
~ ~ T
|9r00]| = vaf(x,y(x)) +[Fyeo] w500
< IV G 360) | + HVy )1V (2,50
< (1+Ly )
Therefore, the proof is completed. O
D.1.4 PROOF OF LEMMA 4]
Proof. From the definition of the stochastic gradient in (T0) we have
VE(x:€) = Vaf (x.7(x):6) + [Vy" ()] "V, [ (x.7(x):).
Taking expectation on both sides and utilizing Assumption ] we get
E¢[VE(x; )] = Ee[Va (x,7(x):€) + [Vy" (0] V, f (x,7(x): §)]
= B¢ [V f (%, 5(x): )] + [Vy" (3)] " Ee [Vy f (x, 7(x);6)]

= Vo f(x,5(x);€) + [Vy" (x)]TV, £(x,5(x); €)
= VF(x).
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Similarly, for the variance of the stochastic implicit gradient, we have
Ee|[VF(x;€) = VF(x)|* = Ee ||V f(x,5(x):€) + [Vy" (x)]"Vy £ (x, §(x); &)
~ N ~ 2
= [Vaf (. 7(0) + [Vy" ()79, f (x5 x))] |
(a) ~ -~
< 2| Vo f(x,5(x);:€) — Vo f(x,5(x))|?
+2 | Vy* X)]I? Eel|Vy f (%, 5(x):) = Vi f(x,5(x)]?
(b) _
< 20]% + 2Ly*0’?¢ = o2,

where (a) follows from |[x + y||? < 2[jx||? + 2[|y||? and (b) results from Assumption 4] and the
application of Lemmal(7}

Therefore, we have the proof. O

D.2 PROOFS OF SECTION[3]
D.2.1 PROOF OF LEMMA[3

Proof. Let {x"}>2, with X" € X be a given arbitrary countable sequence of points. Lemmam

(adapted from Proposition 1)) states that for any given point x” in the above
sequence, the SC condition holds w.p. 1 for the LL problem in (I2), assuming that q is generated
from a continuous measure and A(y*(x")) is full row rank. This further implies that the mapping
yv*(x), and thereby, the implicit function, F'(x) is differentiable w.p. 1 for each given x" in the above
sequence (please see the discussion after Lemma |I[), i.e., we have

P(F(x) is differentiable at x") = 1 for each r = {0, 1,...,00}. (27)

This further implies that we have

P(F(x) is differentiable for all {x" :go) - }P’( () {F(x) is differentiable at x"} )
r=0
=1- IP’( U {F(x) is non-differentiable at x"} )
r=0

>1- Z P ({ F(x) is non-differentiable at X" })
r=0

=1
where the second equality follows from the fact that P(w € A) = 1 — P(w € A°) where A° denotes

the complement of a measurable event A; the inequality uses the union bound; and the final equality
utilizes above. O

D.2.2 PROOF OF PROPOSITION 2]

Proof. From Assumption [1| we know that h(x,y) (and thus g(x,y)) is strongly convex in y with
modulus g = pp. As aresult we have that

h(x,y™ (%)) 2 h(x, 5" (x)) + (Vyh(x, ¥ (x)), ¥ (x) = ¥"(x)) + %Hy*(x) ¥ IF @8
9(x, 7" (%)) 2 g(x,y"(x)) + (Vyg(x,y" (%)), ¥ (x) = y"(x)) + %HV*(X) -y @7 @9
By definition y*(x) is the global minimum of the objective h(x,y), and so it holds that

(Vyh(x,¥7"(x)),y*(x) —¥*(x)) > 0. Similarly, y*(x) is the global minimum of the objective
g(x,y), and so it holds that (V,g(x,y*(x)), ¥*(x) — y*(x)) > 0. Then, using the above inequali-
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ties and adding (Z8) and (29), we get

h(x,y* (%)) + g(x, 5" (%)) = h(x, 5" (x)) + g(x, ¥ (%)) + p1g 7" (x) — " (x)||*
1gll¥* (%) = y* (x)|* < [h( Yy (%) — 90,y (x))] + [9(x, 7" (x)) — h(x, 5" (x))]
1gll¥* (%) = y* ()l < —a"y* (x) + 4" 7" (x)
Hy*(x> _ y*(X)HZ < q (y (X) B y*(X)>
Hg
la” 7" (x) — y* )
Hg

1760 - y* ] <
70—y o < 19l

Hg

Using the above bound and the fact that f is Lipschitz continuous (it follows from the bounded
gradient assumption [J(@)) it is easy to see that

11100 = G091 = 106,y (6)) = f06. 5" (D1 < Lyly (0 =3 Gl < Ty 2L

Therefore, the proof is complete. O

D.2.3 PROOF OF THEOREM([I]

Lemma 10. Under Assumption E] E] V F(x) is almost surely continuous at a neighborhood around
z, for any given x € X.

Proof. To begin with, we already established in Lemma 2] that F" is almost surely differentiable at
any given x € X. Therefore, for any x € X there exists (almost surely) a neighborhood around it
such that the matrix A corresponding to the active constraints at y* (x) remains unchanged, where
the gradient Vy*(x) is defined in eq. (6), (7). Further, since A is locally (i.e., around any given x)
constant, and the formulas in (6), (7) can be seen as the results of a number of continuous operations
over continuous functions, it is implied that Vy*(x) is also a continuous function at a neighborhood
around x almost surely. As a result, VF(x) = V,f(x,y*(x)) + [Vy*(x)]TV, f(x,y*(x)) is
almost surely continuous locally around any given x € X. O

Proof of Theorem[l] Here we follow a reasoning similar to the proof of (Bertsekas| [I998] Prop.
1.2.1). However, there are a number of differences that make this proof more challenging. First,

in our setting we are optimizing an inexact version of the objective F/(x) = f(x,y(x)), using an
approximate version of the gradient V F'(x). Since the approximate gradient we are using is not the

gradient of the objective ﬁ(x) (the gradient of this function might not even exist), we consider a
modification of the standard Armijo rule where an additional error term is present. Secondly, in the
proof below the (classical) mean value theorem (Bertsekas, |1998| Prop. 1.23) cannot be applied,
since we cannot ensure that F' is (surely) differentiable at any given interval over x. As we are going
to show below, we use an alternative mean value theorem that does not require such assumption.

To begin with, we know that for the exact implicit objective F'(x) and gradient V F'(x) (quantities to
which we do not have access to) we can find at each iteration r a step-size a” such that the following
condition holds

F(x") = F(x" 4+ a"d") > —oa” [VF(x")]" d", (30)
where d” = X" — x” with X" = proj, (x” — VF(x")).

Next, the difference between the (approximate) objective values of two successive iterates (for
simplicity we will use the notation x"t! = x” 4 a"d", X"t! = x" 4 a"d"; d” is defined in
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Algorithm [T)) is
F(x") - FE) = F(x") - F(x") + F(x") — F(x"t") + F(x't!) = F(®") + FE"*!) - F(x'")
=[x, ¥(x") = f(x,y* (x7) + F(x") = F(x"™) + F(x"™) = F(x™)
FFERTLY(RTY) - fETLYET)
> —Lglly*(x") = y(x")| + F(x") = F(x"™) = Lp|x"" = x|
— Ly|ly* (") =y (x|
> —L;8" —oa [VF(x")]"d" — Lpa"||d" —d"|| — L;6"*
> L0 —oa” [VF(x")"d" = LpLpa’é" — Lpo"
= —od" [VF(x")]"d" — €,(8;7), (31)
where we set €1 (8;7) = L0" + LpLpa™6" + L6" . In the first inequality, we used the Lipschitz

continuity of f and F’; in the second inequality Assumption J(a)|and condition were applied; in
the third inequality the non-expansive property of the projection operator was used.

Also, we have that

VT F(x")d" (VF(XT) ~VF(x") + ﬁF(xT))T (dr +dr— ?1")

= (VF(x') - ﬁF(xT))T (a—d)+ (VP - @F(XT))T dr

4 [@F(xr)r (ar =) + [r(x)] "q

< |VF(x") = VEE)|[|d" = 7| +[|VF(x") = VE(x")[||d"]

FIVEG) |l - + [0r6)] @

< L2 (5"’ + LpLpd" + LpLpd" + [@F(xr)} "q

= [9re)] Td e, (32)
where e5(8;7) = L% (6”)* + 2Lp Lpd". Notice that the results in the second inequality follow from

Lemma[3
Then, combining (3T) and (32)) we get

~ ~ ~ T
P(x") — FE™Y) > —oa” [VF(XT)] dr — e (6;7) — oa”ex(8;1)
—~ T
= —oa” [VF(XT):| d” —e(d;7),

where ¢(§;7) = €1(0;7) + ca"ez(J; r); notice that ;in% €(0) = 0. In conclusion, we can follow
—

this (inexact) Armijo-type rule in our inexact problem; the existence of the (Armijo) step-size is
guaranteed by its existence for the exact problem (30).

Now let us move to the main part of the proof, which follows the reasoning used in (Bertsekas, |1998|
Prop. 1.2.1). Let {x"} € X be the iterate sequence of our algorithm, and let X € X be a limit point;
the existence of such point is guaranteed by the closedness of the set X'. Moreover, it is established in
Proposition [I] that F(x) is continuous, and as a result it holds that lim, _, { o, F(x") = F(x). The
latter results combined with the fact that all convergent sequences are also Cauchy sequences, implies
that lim,_, oo (F(x") — F(x"*1)) = 0.

We want to show that X is a stationary point of F'(x). We are going to show that by assuming that
the opposite holds, i.e., X is not a stationary point of F'(x), and arriving at a contradiction. From the
Armijo rule of our problem we have that

F(x") = F®*Y) > —oa” [@F(xr)r d” — e(5;7). (33)
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Then, consider the following
F(x") = F(X) = F(x") = F(x") + F(x") = F(x™) + F(x™!) = P + PR - PR
= f(XF(X) = f(x" ¥y (x7) + F(x") = F(x"™) + F(x) — F(x™)
+ IRy RY) - &L IR
< Lilly (x") = (x| + F(x") = F(x"1) + Lp|x™ = x|
+Lylly* (x) =y (x|
< Ly 4+ F(x") — F(x™Y) + Lpa"|d" —d"|| + L™ t!
<FX")—FX*™) +Ly§" + LpLpa™s" + L™
= F(x") — F(x"") + €1 (;7).
In the first inequality, we used the Lipschitz continuity of f and F’; in the second inequality As-
sumption [J(a)]and condition (30) were applied; in the third inequality the non-expansive property

of the projection operator was used. Using the above derivation we can bound the left-hand side of
inequality as follows

~ ~ ~ T .
F(x") — F(x™Y) + e (6;7) > F(x") — FE™) > —oa” {VF(XT)} dr — e(3;r).
It is easy to see that the left-hand side in the above inequality tends to 0. Therefore,

~ T
i, 4 o (—aar [VF(XT)} ar — e(a;r)> < 0. In addition, we know that lim, _,  oc €(8; 7) = 0

~ T
and —oa” [VF(X)} d” > 0,Vx € X. From the above statements we can conclude that
~ T
lim oa" [VF(XT)] ar = o. (34)
r——4o00

Moreover, from the gradient-related assumption we know that for a non-stationary point X we have
that

lim sup [ } dr <o, (35)
r—o00,r€ER

where{x" } is subsequence with  lim X %. Then, the conditions (34), (33) imply that
r—00,r€

lim a" =0.
r—o00,rER

In the subsequence R we can find an index #* > 0 such that

F(x") - F (xr + (aﬁ) ar) < -0 ( 3 ) VTF(x")d" — e(8;7),Vr € R,r > 7. (36)
Similarly with the proof of (Bertsekas, 1998 Prop. 1.2.1) let us introduce the following sequences:

LA a|d]
dr ||’ p

The first sequence {p"} is bounded and so it admits a limit point p with ||p|| = 1, that is
st oo,r€R p’ = P, where R denotes the indices of a subsequence of R. In addition, tak-

ing into account the facts that lim, _, e " = 0 and the fact that the sequence {||d"||} r is
bounded we can easily see that lim, _, { oo rer @" = 0.

lim

Dividing both sides of (36) by a” and using the definitions of p” and @, from above we get
F(x") = F(x"+ap")

~ T __
< -0 [VF(XT)] p —€(0;r),Vre R,r > 7. (37)

ar
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Then, we have that (for convenience we adopt the notation X" ! = x” + a"p")

F(x") = FE*) = F(x") - F(x") + F(x") — F(X™") + F(x'") - F(x')
JN YD) = (N y (7)) + F(x") = FE™)

+ f(§r+17y*(§r+l)) B f(§r+1,?(§r+1))
—Lylly* (x") =y (x| = Ly lly* () =& | + F(x") = F(X™)
F(x") = F(X™™) = Ly6" — L™, (38)

(AVARLYS

where the first inequality above follows the Lipschitz continuity of f, and the second inequality is an
application of Assumption[§(@)] Incorporating inequality (38) into results to

F(x") — F(x" +a'o" O7 4 T+l - T _
6) — PO +apt) om0 {VF(XT)} B’ —e(6;r),Vr € R,r >F. (39)

(78 Qy
Lebourg’s mean value theorem (Lebourg, {1979, Theorem 1.7) implies that

FO) = PO+ aB) oy

ar

with u € ¥F(x" + a"p") and a” € [0,a"], where 9 F'(-) is the Clarke subdifferntial of '. We know
that F' is almost surely continuously differentiable (Lemma[10) at any x" + a"p” € X, and so the
Clarke subdifferential at x” + @"p” becomes w.p. 1 equal to VF (x" + a"p"). Note that the we
cannot use here the (classical) mean value theorem (Bertsekas| (1998, Prop. 1.23), as in the proof of
(Bertsekas, 1998, Prop. 1.2.1), because it requires that the function F'(x) is (surely) differentiable on
the interval [x",x" + a"p"].

Then, we can rewrite the expression in (39)) as follows

67' + 6T'+ 1

~ T _
T VF(x"+ap")Tp" < —o [VF(XT)} BT —e(6:7),Vr € R,r > F,
a,||d”

—LsB
where a” € [0,a"].

Using the assumption that 0 < g—: ~ O(c"), where ¢" is some sequence with lim

and the fact that lim__, _ &= HaT || # 0 (because of the assumption that the sequence X" converges
to a non-stationary point), we compute the limit in the above expression and get

— AT —
'r~>oo,r€7ZC - O’

—[VF®)]" p<—c[VFX)"p
0<(1—0)[VF®)]" p
0 < [VEX)]" p. (40)

~ T ST mgr
However, note that {VF (xr)} p’ = % and therefore if we take limits in both sides we

obtain

lim sup =VIF(x")d"
[VF()_()]TpT < r—00,rER ( )

0, (41)

lim Supr—»oo,reﬁ Hdr ||

due to the gradient-related assumption. We notice that expressions (@0) and (1) lead to a contradic-
tion. Therefore, X is a stationary point of F'(x).

The proof is now complete. O
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D.2.4 WEAKLY-CONVEX OBJECTIVE: PROOF OF THEOREM 2]

Proof. Define X" = arg min {H (z) + ngr - z||2}. Using the definition of Moreau envelope, we
zERu
have

T &7 ﬁ T ST
E[Hy/(x )] < E[F(&") + £l =57

Y E[FG) + Llpro (< — BYF(€7)) = proj (37)]?]
<E[FE) + Lx - g6 %)
= F(x) + SE[|x" — &2 - 2x" — &', BVF(x"5¢")) + BV F (x5 )]
<)+ LBl -5 -2 -5 BYFG )
+ 282 |VF(x";€7) = VF(x")|2 + 282 VP (x") 2]
@ o Py arn2 roor Smror 2( 2 | F2
< Fx) + S| Ix" %72 = 28" = %", VF(x") + 28*(oF + Ly |
< FG) + D[ |x %P 128 — X V()
Term I

+2B(X —x", VF(x") — VF(x")) +28%(0% + I}i)},

Term II

(42)
where (a) follows from the fact that x"*! € X and X" € X’; (b) results from the non-expansiveness

of the projection operator; (c) uses ||a — b||? = 2||a||?> + ||b||?; and (d) results from the application
of Lemmas 3land [

Next, considering Term I and Term II separately in {2)) above. For Term I, we get using the weak
convexity of F(+)

Term I = (X" — x", VF(x")) < F(X") — F(x") + ngT — %2
We bound Term II using the Young’s inequality as

Term II = (X" — %", @F(XT) — VF(x"))

‘XT o )A(r”? +

P o r r
<5 IVF(x") = VF(x")|?

1
2p

,\
N

Plur  or 1
§||X —-x \\2—#%[/%52

where (e) follows from Lemma 3] Next, substituting the bounds of Term I and Term II in (@2) and
using the definition of X", we get

E[Hy /5 (x" )] < F&') + £|x" = %72 + pB[F (") = F(x") + pllx” = %12

- 2
+ %L%(SQ +B%p(0% + T7)
T ~ s T T s AB A~ 2
< Hypg()) + 5B [P(R7) = P(x") + pllx” — %[ +Z7L%62 +B%p(0F + L)

Term IIT
(43)
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Next, we bound Term III in (@3) above.
Term Il = F(x") — F(x") + p||x" — x"|?

ST ﬁ ' ST ‘. 2p B p ' ST
= F(x") + Sl = %7|* = F(x") + = —[x" = %"|]”
3p—2p
2p?
where the last equality follows from (T3] and the first inequality follows from the fact that F'(x) +
£||x™ — x||*is (p — p)-strongly convex. This implies the following

3p—2p, .
< 2P P||X7

_ T2 <
S 7 X7 <

IV Hy (7)1,

or [) r or r or AT or r AT ﬁip r or
FE) + Sl =%T[* = F(x") < ~(VEE") + p(x" = X7),a" = 37) = —=|x" = %7
< E x5,
where the second inequality results from the definition of X".

Finally, substituting Term III in (43) and rearranging the terms we get:

20—-3 . A . -2 o3
/3[ “a5 [IVH ()P < B[Hyp(0) = HaypG )] + 5200k + Tp) + 513
Summing over all » € {0,1,...,7 — 1} and dividing by T', we get
T-1

1 2p Hyj,(x°) — H* — p

- H, A (x")2 < p (0% 4+ L L2457,

P 3 IV < 552 || P+ daloh + T + 4 1
Therefore, we have the result. L]

D.2.5 STRONGLY-CONVEX OBJECTIVE: PROOF OF THEOREM [3]
Proof. Using the update rule of the Algorithm[2] we have
E[lx" ! = x*||* = Ellprojx (x” — 8"VF(x"5 ")) — x|
= Ellprojx (x" — 8"VF(x";¢")) - projx (x") |
(a) ~
S EHXT _ ﬂTVF(XT;fr) _ X*H2
= E[lx" = %" + (82 IVF (5 €| — 267 (x" = x", VF(x"3:"))]
(®) - ~
< E[|x" = x'||2 + 28" [VF(x'3€7) - VF(x")|?
+ 2B IVE(|? - 287(x" — x*, VF(x"))]
©) ~
< E[Ix" - x*|2 +2(8")%(c} + B) - 28"(x" —x", VF(x"))
<B[Jx = x| + 2870} + B}) — 26 (x" — ", VF(x')
— 98T (x" — x*, VF(X") — VF(XT»]
(d)
< E[Ilx" = x| +2(8)2(0} + BE) = 28"[F(x") = F*] = pup " |x" = x|
+ 287 x" = x*[|[VF(x") = VF(x")]
(e)
< E[(1 - pupB)IX" = x| + 28)2(0} + BE) = 28"[F(x") = F*] + 28" D L]

where in (a) the non-expansive property of the projection operator is applied, in (b) we add and
subtract the term VF(x"), use the well-known inequality ||a + b||? < 2||a]|> + 2||b||?, and in
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the last term we utilize Lemma &} (c) results from the application of Lemmas [3]and [d} (d) uses
strong-convexity (Assumption[6) of F'(-) and Cauchy-Schwartz inequality; finally, (e) results from
the application of Lemma [3|and Assumption[I}b).

Rearranging the terms, we get

26"B[F(x") — F*] < E[(1— pupf")x" x> =[x+ = x| + 2(8")2 (0% + B}) + 25" Da L]

1 1
E[F(x") — F*] < E[( - 'uF) [x" —x*||* — |x"tt —x*||* + B"(0F + BE) + DXLF(S:|.

28" 2 237
Summing over r € {0,...,T — 1}, multiplying by 1/7T and using the fact that 5" = m, we get
1 T1 up T
T L EIFO) < B SB[l - x P o D -
r=0 r=0
1 = T2 2
+ ;} B (0% + B2) + Dx Lpé.

Telescoping the sum we get the following

IN

T-1

1 pe o o, (0% +B3) log(T)

N RF) - F < —EExT - x* DxLpé
7 2 BUF() = F] < AT [P o SEEEESES ¢ Dyl

IN

+ Dy Lpé.

(0f + BE) log(T)
wr T

Therefore, we have the proof. O

D.2.6 CONVEX OBJECTIVE: PROOF OF THEOREM [4]
Proof. From the update rule of Algorithm we have for 87 = S forall r € {0,1,...,T — 1}
E[[[x"+ — x*||*) = E[[|proj » (x" — BVF(x";£")) - x"||?]

@ E[[[proj (x" — BVF(x"); €") — proj (x*)|?]

(b) ~

< E[f[x" - BVF(x";€") — x*||?]

DE[x" - x*|2 + IV (3672 — 28(x" — x*, VP (x";€7))]

(d) ~ . -
< E[lx" —x"|* + 262 |VF(x";€") = VF(x")||* + 287 | VF (x")||?

—2B{(x" —x*, VF(x")) — 208(x" — x*, @F(x’“) — VF(x"))]

(e) _
< E[|x" — x*|| + 28%0% + 28°Tr — 2B(F(x") — F*)

28" — x| [VF () — VEG)]
) r * (12 202 -2 T *
< E[[x" = x|+ 26%(0F + L) = 28(F(x") = F*) + 26Dx Lpd]
where (a) follows from the fact that x* € X'; (b) results from the non-expansiveness of the projection
operator; (c) uses ||a — b||? = |ja||?> + ||b||* — 2(a,b); (d) utilizes the fact that |[a — b||?> =
2||al|* + 2[/b||* and unbiased gradient from Lemma {4} (e) results from Lemmas [3| and {4} the
convexity assumption of the implicit function (Assumption [ with 1. = 0) and the Cauchy-Schwartz
inequality; and (f) results from Assumption b) and Lemma

Summing over r € {0,1...,T — 1}, multiplying by 1/7" and rearranging the terms, we get

! — x|

T-1
1 T * 2 72
T ;OIE[F(X ) = F'l < g + 80k + Li) + DaLrd.
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Using Jensen’s inequality and denoting x = % Zf;ol x", we get

1 *||2 .
EF) - F < Xy 502 L 22 pyrps

- 28T

Therefore, we have the proof.
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