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STOCHASTIC METHODS FOR COMPOSITE AND
WEAKLY CONVEX OPTIMIZATION PROBLEMS*

JOHN C. DUCHI' AND FENG RUANT

Abstract. We consider minimization of stochastic functionals that are compositions of a (po-
tentially) nonsmooth convex function h and smooth function ¢ and, more generally, stochastic weakly
convex functionals. We develop a family of stochastic methods—including a stochastic prox-linear
algorithm and a stochastic (generalized) subgradient procedure—and prove that, under mild tech-
nical conditions, each converges to first order stationary points of the stochastic objective. We
provide experiments further investigating our methods on nonsmooth phase retrieval problems; the
experiments indicate the practical effectiveness of the procedures.
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1. Introduction. Let f : R? — R be the stochastic composite function

(1) f(z) = Eplh(c(z; 5); 5)] = / hela: 5): 5)dP(s),

S

where P is a probability distribution on a sample space S and for each s € S, the
function z — h(z;s) is closed convex and x — ¢(x; ) is smooth. In this paper, we
consider stochastic methods for minimization—or at least finding stationary points—
of such composite functionals. The objective (1) is an instance of the more general
problem of stochastic weakly convex optimization, where f(z) := Ep[f(x;S)] and for
each 2y and s € S, there is A(s, 7o) such that x — f(z;s)+ M | — o |* is convex
in a neighborhood of zg. (We show later how problem (1) falls in this framework.)
Such functions have classical and modern applications in optimization [25, 18, 43, 47],
for example, in phase retrieval [23] problems or training deep linear neural networks
(e.g., [31]). We thus study the problem

minimize f(x) + p(z) = Ep[f(z;9)] + o(z)
(2) ¢

subject to x € X,

where X C R? is a closed convex set and ¢ : R? — R is a closed convex function.
Many problems are representable in the form (1). Taking the function ¢ as the
identity mapping, classical regularized stochastic convex optimization problems fall

into this framework [40], including regularized least-squares and the Lasso [32, 51],

with s = (a,b) € RY x R and h(z;s) = 3(a’z — b)? and ¢ typically some norm

on x, or supervised learning objectives such as logistic regression or support vector
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machines [32]. The more general settings (1)—(2) include a number of important non-
convex problems. Examples include nonlinear least squares (cf. [42]), with s = (a,b)
and b € R, the convex term h(t;s) = h(t) = 3t independent of the sampled s, and
c(x; 8) = co(x;a) — b, where ¢ is some smooth function a modeler believes predicts b
well given = and data a. Another compelling example is the (robust) phase retrieval
problem [8, 49]—which we explore in more depth in our numerical experiments—
where the data s = (a,b) € R? x Ry, h(t;s) = h(t) = |t| or h(t;s) = h(t) = 1¢2, and
c(z;s) = (aTz)? — b. In the case that h(t) = |t|, the form (1) is an exact penalty for
the solution of a collection of quadratic equalities (a;frnﬂ)2 =b;,,i=1,...,N, where
we take P to be point masses on pairs (a;, b;).

Fletcher and Watson [29, 28] initiated work on composite problems to
(3) minimize h(c(x)) + ¢(x) subject to z € X

for fixed convex h, smooth ¢, convex ¢, and convex X. A motivation of this earlier
work is nonlinear programming problems with the constraint that « € {z : ¢(z) = 0},
in which case taking h(z) = ||z|| functions as an exact penalty [33] for the constraint
¢(x) = 0. A more recent line of work, beginning with Burke [7] and continued by
(among others) Druvyatskiy, Ioffe, Lewis, Pacquette, and Wright [38, 21, 19, 20],
establishes convergence rate guarantees for methods that sequentially minimize convex
surrogates for problem (3).

Roughly, these papers construct a model of the composite function f(z) = h(c(z))
as follows. Letting Vc(z) be the transpose of the Jacobian of ¢ at z, so ¢(y) =
c(z) + Ve(z)T (y — x) + o(|ly — x||), one defines the “linearized” model of f at x by

(4) fa(y) = h(c(z) + Ve(z)" (y — 2)),

which is convex in y. When h and Ve are Lipschitzian, then |fy(y) — f(x)| =
O(||z — y|*), so that the model (4) is second-order accurate, which motivates the
following proz-linear method. Beginning from some zy € X, iteratively construct

6 s = anganin { £, () + (o) + 5o o~ 2}
reX (673

where o > 0 is a stepsize that may be chosen by a line search. For small ay, the
iterates (5) guarantee decreasing h(c(xy)) + ¢(zk), the sequence of problems (5) are
convex, and moreover, the iterates xj converge to stationary points of problem (3) [19,
sect. 5]. The prox-linear method is effective so long as minimizing the models f,, (z) is
reasonably computationally easy. More generally, minimizing a sequence of models f,,
of f centered around the iterate xj is natural, with examples including Rockafellar’s
proximal point algorithm [46] and general sequential convex programming approaches,
such as trust region and other Taylor-like methods [42, 11, 19, 18].

In our problem (2), where f(z) = E[f(z;9)] for f(,s) weakly convex or compos-
ite, the iterates (5) may be computationally challenging. Even in the case in which
P is discrete so that problem (1) has the form f(z) = =37 | hi(c;(x)), which is
evidently of the form (3), the iterations generating x; may be prohibitively expen-
sive for large n. When P is continuous or is unknown, because we can only simulate
draws S ~ P or in statistical settings where the only access to P is via observations
S; ~ P, then the iteration (5) is essentially infeasible. Given the wide applicability of
the stochastic composite problem (1), it is of substantial interest to develop efficient
online and stochastic methods to (approximately) solve it, or at least to find local
optima.
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In this work, we develop and study stochastic model-based algorithms, exam-
ples of which include a stochastic linear proximal algorithm, which is a stochastic
analogue of problem (5), and a stochastic subgradient algorithm, both of whose defi-
nitions we give in section 2. The iterations of such methods are often computationally
simple, and they require only individual samples S ~ P at each iteration. Consider

for concreteness the case when P is discrete and supported on i = 1,...,n (ie.,
f(@)=1%" hi(ci(x))). Then instead of solving the nontrivial subproblem (5), the

stochastic prox-linear algorithm samples 49 € [n] uniformly, then substitutes h;, and
¢i, for h and c in the iteration. Thus, as long as there is a prox-linear step for the
individual compositions h; o ¢;, the algorithm is easy to implement and execute.

The main result of this paper is that the stochastic model-based methods we
develop for the stochastic composite and weakly-convex optimization problems are
convergent. More precisely, assuming that (i) with probability one, the iterates of the
procedures are bounded, (ii) the objective function F' 41y is coercive, and (iii) second
moment conditions on local-Lipschitzian and local-convexity parameters of the ran-
dom functions f(-, s), any appropriate model-based stochastic minimization strategy
has limit points taking values f(x) in the set of stationary values of the function. If
the image of noncritical points of the objective function is dense in R, the methods
converge to stationary points of the (potentially) nonsmooth, nonconvex objective (2)
(Theorem 1 in section 2 and Theorem 5 in section 3.4). As gradients V f(z) may not
exist (and may not even be zero at stationary points because of the nonsmoothness of
the objective), demonstrating this convergence provides some challenge. To circum-
vent these difficulties, we show that the iterates are asymptotically equivalent to the
trajectories of a particular ordinary differential inclusion [1] (a nonsmooth general-
ization of ordinary differential equations (ODEs)) related to problem (1), building off
of the classical ODE method [39, 37, 6] (see section 3.2). By developing a number of
analytic properties of the limiting differential inclusion using the weak convexity of f,
we show that trajectories of the ODE must converge (section 3.3). A careful stability
analysis then shows that limit properties of trajectories of the ODE are preserved
under small perturbations, and viewing our algorithms as noisy discrete approxima-
tions to a solution of the ordinary differential inclusion gives our desired convergence
(section 3.4).

Our results do not provide rates of convergence for the stochastic procedures, so
to investigate the properties of the methods we propose, we perform a number of
numerical simulations in section 4. We focus on a discrete version of problem (1)
with the robust phase retrieval objective f(z;a,b) = |(a’x)? — b|, which facilitates
comparison with deterministic methods (5). Our experiments extend our theoretical
predictions, showing the advantages of stochastic over deterministic procedures for
some problems, and they also show that the stochastic prox-linear method may be
preferable to stochastic subgradient methods because of robustness properties it enjoys
(which our simulations verify, though our theory does not yet explain).

Related and subsequent work. The stochastic subgradient method has a substan-
tial history. Early work due to Ermoliev and Norkin [25, 26, 27], Gupal [30], and
Dorofeyev [17] identifies the basic assumptions sufficient for stochastic gradient meth-
ods to be convergent. Ruszczyniski [48] provides a convergent gradient averaging-based
optimization scheme for stochastic weakly convex problems. Our analytical approach
is based on differential equations and inclusions, which have a long history in the
study of stochastic optimization methods, where researchers have used a limiting
differential equation or inclusion to exhibit convergence of stochastic approximation
schemes [39, 1, 36, 6]; more recent work uses differential equations to model accelerated
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gradient methods [50, 56]. Our approach gives similar convergence results to those
for stochastic subgradient methods but allows us to study and prove convergence for
a more general collection of model-based minimization strategies. Our results do not
provide convergence rates, which is possible when the compositional structure (1)
leaves the problem convez [53, 54]; the problems we consider are typically nonsmooth
and nonconvex, so that these approaches do not apply.

Subsequent to the initial appearance of the current paper on the arXiv and in-
spired by our work,! Davis, Drusvyatskiy, and Grimmer have provided convergence
rates for variants of stochastic subgradient, prox-linear, and related methods [14, 12,
13]. Here they show that the methods we develop in this paper satisfy nonasymp-
totic convergence guarantees. To make this precise, let Fy(z) = inf ex{f(y) +
@) + 3 |y — =||*} be the Moreau envelope of the objective (2), which is continu-
ously differentiable and for which V F being small is a proxy for near-stationarity of
x (see [18, 12, 13]). Then they show that, with appropriate stepsizes, they can con-
struct a (random) iterate Zj, such that E[||VFx(Z)[*] = O(1/vk). These convergence
guarantees extend the with probability 1 convergence results we provide.

Notation and basic definitions. We collect here our (mostly standard) notation
and basic definitions that we require. For z,y € R, we let Ay = min{x, y}. We let
B denote the unit £>-ball in R?, where d is apparent from context and ||-|| denotes the
operator £3-norm (the standard Euclidean norm on vectors). For a set A C R? we let
| Al = supea llall. We say f: R? — RU {400} is A\-weakly convez (also known as
lower-C2 or semiconvex [47, 5]) near x if there exists ¢ > 0 such that for all xy € R,

A
(6) ny(y)Jrglly—mngv y€x+eB

is convex (the vector z( is immaterial in (6), as holding at one z is equivalent) [47,
Chap. 10.G]. For a function f : RY — RU {+oc}, we let df(x) denote the Fréchet (or
regular [47, Chap. 8.B]) subdifferential of f at the point z,

Of(x):={geR: f(y) > f(x) + (g.y —x) +o(|ly — z|) as y — x} .

The Fréchet subdifferential and standard (convex) subdifferential coincide for convex
f 47, Ch. 8], and for weakly convex f, df(x) is nonempty for x in the relative interior
of dom f. The Clarke directional derivative of a function f at the point x in direction
v is

ooy e (@) = f(2)
flav) = lninf, .

)

and recall [47, Ex. 8.4] that 0f(z) = {w € R?: (v, w) < f'(x;v) for all v}.

We let C(A, B) denote the continuous functions from A to B. Given a sequence
of functions f, : Ry — R? we say that f,, — f in C(R,R%) if f,, — f uniformly on
all compact sets, that is, for all T' < co we have

lim sup || f(t) — f()] = 0.

n— oo tE[O,T]

This is equivalent to convergence in d(f,g) := >2;2; 27 sup,¢jo 4 [If(7) = g(T)[ A 1,
which shows the standard result that C(R;,R%) is a Fréchet space. For a closed

IBased on personal communication with Damek Davis and Dmitriy Drusvyatskiy.
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convex set X, we let Ix denote the +oo-valued indicator for X, that is, Ix(x) = 0 if
z € X and +oo otherwise. The normal cone to X at x is

Nx(z):={veR?: (v,y —x) <0 forallyec X}

For closed convex C, m¢(x) := argmin, ¢ ||y — || denotes projection of = onto C.

2. Algorithms and main convergence result. In this section, we introduce
the family of algorithms we study for problem (2). In analogy with the update (5),
we first give a general form of our model-based approach, then exhibit three examples
that fall into the broad scheme. We iterate

Draw Sy ip

(7) . 1 2
Tpq1 := argmin < fo, (y;5) + o(y) + Sor ly —zrll” ¢ -
yeX g

In the iteration (7), the function f,, (+;s) is an approximation, or model, of f(-;s) at
the point xy, and oy > 0 is a stepsize sequence.
For the model-based strategy (7) to be effective, we require that f,(-;s) satisfy a
few essential properties on its approximation quality.
C.(i) The function y — f(y;s) is convex and subdifferentiable on its domain.
C.(ii) We have f,(z;s) = f(x; ).
C.(iii) At y = = we have the containment

Oy fo(y:8)l,—y C O f(wss).

In addition to conditions C.(i)—C.(iii), we require one additional technical condition

on the models, which quantitatively guarantees they locally almost underestimate f.

C.(iv) There exists g > 0 such that 0 < ¢ < ¢y implies that for all g € X there
exists d¢(zo; s) > 0 with

Flu:) 2 Falyis) = 50claos )y — ol

for z,y € o + eB, where E[d.(z0; S)] < oo.

2.1. Examples. We give four example algorithms for problems (1) and (2),
each of which consists of a local model f, satisfying conditions C.(i)-C.(iv). The
conditions C.(i)—C.(iii) are immediate, while we defer verification of condition C.(iv)
to after the statement of Theorem 1. The first example is the natural generalization
of the classical subgradient method [25].

Ezample 1 (stochastic subgradient method). For this method, we let g(z;s) €
Of(z;s) be a (fixed) element of the Fréchet subdifferential of f(z;s); in the case of
the composite objective (1) this is g(x; s) € Ve(z; s)0h(c(x; s); s). Then the model (7)
for the stochastic (regularized and projected) subgradient method is

fe(y;s) = f(x;8) + (g(x;8),y — ).

The properties C.(i)—C.(iii) are immediate.

The stochastic prox-linear method applies to the structured family of convex
composite problems (1), generalizing the deterministic prox-linear method [7, 19, 20].
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Ezample 2 (stochastic prox-linear method). Here, we have f(z;s) = h(c(x; s); s),
and in analogy to the update (4) we linearize ¢ without modifying h, defining

folys s) = hic(ss) + Ve(a; s)T (y — )3 9).

Again, conditions C.(i)-C.(iii) are immediate.
Lastly, we have stochastic proximal point methods for weakly convex functions.

Ezample 3 (stochastic proximal-point method). We assume that the instanta-

neous function f(-;s) is A(s)-weakly convex over X. In this case, for the model in the

update (7), we set fz(y;s) = f(y;s) + )‘(25) ly — ||

Ezample 4 (guarded stochastic proximal-point method). We assume that for
some € > 0 and all x € X, the instantaneous function f(;s) is A(s, xz)-weakly convex
over X N{z + eB}. In this case, for the model in the update (7), we set

A(s, x)

2
) ly —z[|” + Loten(y),

(8) falyss) = fyss) +
which restricts the domain of the model function f.(-;s) to a neighborhood of x so
that the update (7) does not escape the region of convexity. Again, by inspection,
this satisfies conditions C.(i)—C.(iii).

2.2. The main convergence result. The main theoretical result of this paper
is to show that stochastic algorithms based on the update (7) converge almost surely
to the stationary points of the objective function F(z) = f(x) + ¢(x) over X. To
state our results formally, for € > 0 we we define the function M, : X xS — R, by

M(x;s) == sup sup gl -
yeX,|ly—z||[<e gedf(y;s)

We then make the following local Lipschitzian and convexity assumptions on f(+;s).

Assumption A. There exists g > 0 such that 0 < € < ¢g implies that
E[M.(z;S8)?] < oo for all 2 € X.

Assumption B. There exists ¢y > 0 such that 0 < € < ¢y implies that for all
x € X, there exists A(s,x) > 0 such that

s,z
v Fs) + 28Dy )

is convex on the set = + €B for any zg, and E[A(S, z)] < cc.

As we shall see in Lemma 6 later, Assumptions A and B are sufficient to guarantee
that 0 f(x) exists, is nonempty for all z € X, and is outer semicontinuous. In addition,
it is immediate that for any A > E[A(S, z)], the function f is A-weakly convex (6) on
the e-ball around =z.

With the assumptions in place, we can now proceed to a (mildly) simplified version
of our main result in this paper. Let X* denote the set of stationary points for the
objective function F(z) = f(x) + ¢(x) over X. Lemma 6 to come implies that
OF(z) = 0f(x) + 0p(zx) for all z € X, so we can represent X* as

(9) X*:={reX|3dgeof(x)+ dp(x) with (g,y —x) >0 forall y € X}.
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Equivalently, 0f(x) +0p(x)N—=Nx (z) # 0, or 0 € Of (z) +0p(z) +Nx (x). Important
for us is the image of the set of stationary points, that is,

FX?) ={f(2) + () [z X"}

With these definitions, we have the following convergence result, which is a sim-
plification of our main convergence result, Theorem 5, which we present in section 3.4.

THEOREM 1. Let Assumptions A and B hold and assume X is compact. Let xy, be
generated by any model-based update satisfying conditions C.(1)—C.(iv) with stepsizes
oy, > 0 satisfying >, o, = 00 and Y, af < co. Then with probability 1,

(10) [limkinf F(xy), limksup F(zy)] € F(X*).

We provide a few remarks on the theorem, as well as elucidating Examples 14
in this context. The limiting inclusion (10) is familiar from the classical literature on
stochastic subgradient methods [17, 26], though in our case, it applies to the broader
family of model-based updates (7), including Examples 1-4.

To see that the theorem indeed applies to each of these examples, we must verify
Condition C.(iv). For Examples 1, 3, and 4, this is immediate by taking the lower
approximation function é(z;s) = A(s,x) from Assumption B, yielding the following.

Observation 1. Let Assumption B hold. Then Condition C.(iv) holds for each of
Examples 1, 3, and 4.

We also provide conditions on the composite optimization problem (1), that is,
when f(x;s) = h(c(z;s); s), sufficient for Assumptions A-B and Condition C.(iv) to
hold. Standard results [21] show that Of(z;s) = Ve(x; s)Oh(c(z;s);s), so Assump-
tion A holds if supy,_, <. [|Ve(x; s)Oh(c(z; 5);s)| is integrable (with respect to s).
For Assumption B, we assume that there exists ¢y > 0 such that if 0 < € < ¢q, there
exist functions 7. : R? x S — Ry U {+occ} and S : R x § — R, U {+oc} such that
¢(+; ) has B.(x; s)-Lipschitz gradients in an € neighborhood of z; that is,

IVely:s) = Ve(y'ss)ll < Be(x,s) ly —y'll for [ly — =zl Iy — ] <e
and that h(-;s) is 7¢(x; s)-Lipschitz continuous on the compact convex neighborhood

Conv {e(y:) + Ve(w: 7 (=~ ) +v | v,z € 2+ B, o < ZED o2,

We then have the following claim; see Appendix A.1 for a proof.

CramM 1. IfE[vye(x; 5)Bc(x; S)] < oo for all x € X, then Assumption B holds with
A(s, ) = ve(x; 8)Be(8), and Condition C.(iv) holds with dc(x; 8) = ve(x; 8)Be (x5 8).

Theorem 1 does not guarantee convergence of the iterates, though it does guar-
antee cluster points of {zj} have limiting values in the image of the stationary set.
A slightly stronger technical assumption, which rules out pathological functions such
as Whitney’s construction [55], is the following assumption, which is related to Sard’s
results that the measure of critical values of C%-smooth f : R? — R is zero.

Assumption C. The set (F'(X*))¢ is dense in R.

If f is convex then (f + ¢)(X*) is a singleton. Moreover, if the set of stationary
points X* consists of a (finite or countable) collection of sets X7, X3, ... such that
f 4 ¢ is constant on each X7, then F(X™*) is at most countable and Assumption C



3236 JOHN C. DUCHI AND FENG RUAN

holds. In subsequent work to the first version of this paper, Davis et al. [15] give
sufficient conditions for Assumption C to hold (see also [34, 35, 4]). We have the
following.

COROLLARY 1. In addition to the conditions of Theorem 1, let Assumption C
hold. Then f(xr) + p(xr) converges, and all cluster points of the sequence {xi}
belong to X*.

3. Convergence analysis of the algorithm. In this section, we present the
arguments necessary to prove Theorem 1 and its extensions, beginning with a heuris-
tic explanation. By inspection and a strong faith in the limiting behavior of random
iterations, we expect that the update scheme (7), as the stepsizes a — 0, are asymp-
totically approximately equivalent to iterations of the form

Tk41 — Tk

o ~ —[g(ar) + vk +wi], glow) € Of (xr), v € 0p(Thg1), wi € Nx(Tr1),

and the correction wy, enforces zx11 € X. As k — oo and o — 0, we may (again,
deferring rigor) treat limy a%(xk-i-l — x1) as a continuous time process, suggesting
that update schemes of the form (7) are asymptotically equivalent to a continuous
time process t + x(t) € R? that satisfies the differential inclusion (a set-valued
generalization of an ODE)

(1) & e -0f(x) = dp(x) — Nx(z) = —/3f(1‘;8)dP(8) — Op(x) — Nx(x).

We develop a general convergence result showing that this limiting equivalence
is indeed the case and that the second equality of expression (11) holds. As part of
this, we explore in the coming sections how the weak convexity structure of f(-;s)
guarantees that the differential inclusion (11) is well behaved. We begin in section 3.1
with preliminaries on set-valued analysis and differential inclusions we require, which
build on standard convergence results [1, 36]. Once we have presented these pre-
liminary results, we show how the stochastic iterations (7) eventually approximate
solution paths to differential inclusions (section 3.2), which builds off of a number
of stochastic approximation results and the so-called “ODE method” Ljung devel-
ops [39], (see also [37, 2, 6]). We develop the analytic properties of the composite
objective, which yields the uniqueness of trajectories solving (11) as well as a par-
ticular Lyapunov convergence inequality (section 3.3). Finally, we develop stability
results on the differential inclusion (11), which allows us to prove convergence as in
Theorem 1 (section 3.4).

3.1. Preliminaries: Differential inclusions and set-valued analysis. We
now review a few results in set-valued analysis and differential inclusions [1, 36]. Our
notation and definitions follow closely the references of Rockafellar and Wets [47] and
Aubin and Cellina [1], and we cite a few results from the book of Kunze [36].

Given a sequence of sets A,, C R%, the limit supremum of the sets consists of limit
points of subsequences y,, € A,,, that is,

limsup A, :={y: I yn, € Apn, St Yn, > yask — oo}.
We let G : X = R? denote a set-valued mapping G from X to R? and we define

dom G = {z : G(z) # 0}. Then G is outer semicontinuous (o.s.c.) if for any
sequence z, — = € dom G, we have limsup,, G(x,) C G(x). One says that G is e-§
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o.s.c. [1, Def. 1.1.5] if for all z and e > 0, there exists ¢ > 0 such that G(z + 0B) C
G(z) + eB. These notions coincide when G(z) is bounded. Two standard examples
of o.s.c. mappings follow.

LEMMA 1 (see Hiriart-Urruty and Lemaréchal [33, Thm. V1.6.2.4]). Let f : R? —
R U {400} be convex. Then the subgradient mapping Of : int dom f = R? is o.s.c.

LEMMA 2 (see Rockafellar and Wets [47, Prop. 6.6]). Let X be a closed convex
set. Then the normal cone mapping Nx : X = R? is o.s.c. on X.

The differential inclusion associated with G beginning from the point =, denoted
(12) € G(x), z(0)=xg

has a solution if there exists an absolutely continuous function x : R, — R¢ satisfying
4 2(t) = i(t) € G(z(t)) for all t > 0. For G : T = R? and a measure y on 7,

/T Gy = /T Glt)du(t) == { / g(O)du(t) | g(t) € G(t) for t €T, g measurable} .

With these definitions, the following results (with minor extension) on the existence
and uniqueness of solutions to differential inclusions are standard.

LEMMA 3 (see Aubin and Cellina [1, Thm. 2.1.4]). Let G : X = R? be o.s.c. and
compact-valued, and xqg € X. Assume there is K < oo such that dist(0,G(z)) < K
for all x. Then there exists an absolutely continuous function x : Ry — R? such that

(t) € G(z(t)) and x(t) € zo + [J G(a(r))dr for allt € Ry.

LEMMA 4 (see Kunze [36, Thm. 2.2.2]). Let the conditions of Lemma 3 hold
and assume there exists ¢ < oo such that

(1 — 22,91 — g2) < c||m1 — :172||2 for g; € G(z;) and all z; € dom G.

Then the solution to the differential inclusion (12) is unique.

We recall basic Lyapunov theory for differential inclusions. Let V : X — R, be a
nonnegative function and W : X x R? — R, be continuous with v +— W (z,v) convex
in v for all . A trajectory & € G(x) is monotone for the pair V, W if

V(z(T)) - V(z(0) + /OT W (z(t), &(t))dt <0 for T > 0.

The next lemma gives sufficient conditions for the existence of monotone trajectories.

LEMMA 5 (see Aubin and Cellina [1, Thm. 6.3.1]). Let G : X = R? be o.s.c.
and compact-convez valued. Assume that for each x there exists v € G(x) such that
V'(x;v) + W(x;v) < 0. Then there exists a trajectory of the differential inclusion
i € G(zx) such that

T
V(z(T)) = V(x(0)) + ; W ((t), &(t))dt < 0.

Finally, we present a lemma on the subgradients of f using our set-valued integral
definitions. The proof is somewhat technical and not the main focus of this paper, so
we defer it to Appendix A.2.
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LEMMA 6. Let f(-;s) satisfy Assumptions A and B. Then
Of(x) = Ep[0f(z; 5)],

and 0f(+;5) : RT = R? and 9f(-) : R = R? are closed compact conver-valued and
0.5.c.

Lemma 6 shows that df(x;s) is compact-valued and o.s.c., and we thus define
the shorthand notation for the subgradients of f 4 ¢ as

(13)  Glais) = 0f(wis) + 0p(w) and Gla) = [ 0f(@:s)dP(s) + 04 (o)

both of which are o.s.c. in  and compact-convex valued because ¢ is convex.

3.2. Functional convergence of the iteration path. With our preliminaries
in place, we now establish a general functional convergence theorem (Theorem 2) that
applies to stochastic approximation-like algorithms that asymptotically approximate
differential inclusions. By showing the generic algorithm (7) has the form our the-
orem requires, we conclude that each of Examples 1-4 converge to the appropriate
differential inclusion (section 3.2.2).

3.2.1. A general functional convergence theorem. Let {gx}ren be a col-
lection of set-valued mappings gr : R? = R? {az}lren be a sequence of positive
stepsizes, {£;}52, be an arbitrary R%-valued sequence (the noise sequence). Consider
the following iteration, which begins from the initial value xo € R¢:

(14) Tp41 = Tk + ag[yr + Ekr1], where yi € gr(xg) for k> 0.

For notational convenience, define the “times” t,, = ZZL:1 ay, as the partial stepsize
sums, and let x(+) be the linear interpolation of the iterates xy:

(15) o(t) == ap + ——(zpt1 — k) and y(t) =y for t € [ty toy1).

This path satisfies &(¢t) = y(t) for almost all ¢ and is absolutely continuous on compact.
For t € Ry, define the time-shifted process z(-) = z(t + -). We have the following
convergence theorem for the interpolation (15) of the iterative process (14), where we
recall that we metrize C(R;,RY) with d(f,g) =Y o, 27" sup,¢o, 1F(7) —g(m)| A L.

THEOREM 2. Let the following conditions hold.
(i) The iterates are bounded, i.e., supy, |zx|| < oo and supy, ||lyk|| < oo.
(ii) The stepsizes satisfy Y pey ap = 00 and Y pey @i < 00.
(iii) The weighted noise sequence converges: limy, > p_, aiéx = v for some v € R
(iv) There ezists a closed-valued H : RY = RY such that for all {z;} C R? satis-
fying limy, z;, = z and all increasing subsequences {ny}ren C N, we have

R SRS
nhHH;O dist (n Zgnk (2k), H(z)) =0.
k=1
Then for any sequence {7y, }1-, C Ry, the sequence of functions {z™ (-)} is relatively

compact in C(Ry,RY). If 7 — oo, all limit points of {z™(-)} are in C(Ry,R?) and
there exists y : Ry — R? satisfying y(t) € H(x(t)) for all t € Ry, where

t
z(t) = z(0) +/0 y(T)dr for allt € R,.
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The theorem is a generalization of Theorem 5.2 of Borkar [6], where the set-valued
mappings g are identical for all k; our proof techniques are similar. For completeness,
we provide a proof on the arXiv [22].

3.2.2. Differential inclusion for stochastic model-based methods. With
Theorem 2 in place, we can now show how the update scheme (7) is representable by
the general stochastic approximation (14). To do so, we must verify that any method
satisfying Conditions C.(i)-C.(iv) satisfies the four conditions of Theorem 2. With
this in mind, we introduce a bit of new notation before proceeding. In analogy to
the gradient mapping from convex [41] and composite optimization [21], we define a
stochastic gradient mapping G and consider its limits. For fixed x we define

(16)

()= angin { £us) 4 90) + 5 o= ol | and Golais)i= (o~ o (5)
yeX (&% «

For any model f,(-;s) we consider, the update is well behaved: it is measurable in
s [45, Lem. 1], and it is bounded, as the next lemma shows.

LEMMA 7. The update (16) guarantees that |G (x; 8)|| < ||G (x5 5)||, where G(x; s)
is the subgradient (13).

Proof. For shorthand, write x+ = z1(s) and let g € df,(z;s) C df(x;s). By
the definition of the optimality conditions for T, there exists a vector g+ that g™ €
Of.(z7;5) and another vector v+ € dp(z™) such that

1
<g++(xJr :E)+v+,y:c+> >0 forallyc X.
e
Rearranging, we substitute y = x to obtain
1
(gt 2T —a) + S |z — 1’+||2 + (vt,2T —2) <o.

The subgradient mapping is monotone for f,(-;s) and ¢, so (g7, z —zT) > (g,z — x™)
and (vF,z —x") > (dp(z),x — x1). Thus

(9. — )+ [lo =2+ (va® — ) <0

for all v € dp(x). Cauchy—Schwarz implies |lg + v| [|#F -z > L ||z — 2*|1?, which
implies our desired result. ]

To define the population counterpart of the gradient mapping G, we require a
result showing that the gradient mapping is locally bounded and integrable. To that
end, for z € X and € > 0, define the Lipschitz constants

Nl

Le(x;8) := sup |G(2;5)|| and Lc(z) := Ep[L(z;S)?]=.
z'eX ||z’ —x|<e
The following lemma shows these are not pathological (see Appendix A.3 for a proof).

LEMMA 8. Let Assumptions A and B hold. Then x — Lc(x;s) and © — L.(x)
are upper semicontinuous on X and L¢(x) < oo for all x € X.
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As a consequence of this lemma and Lemma 7, G, (x;S) is locally bounded by
L.(z;s) and we may define the mean subgradient mapping

Go(7) := Ep [Go(x;9)] = / Go(z; 5)dP(s).
s
Moreover, any update of the form (7) (e.g., Examples 1-4) has representation

(17) Trt1 = Tk — 0 Ga, (T Sk) = 2k — i Gay, (T1) — arbay (Tr; Sk),

where the noise vector &,(x;5) := Gu(2;5) — Go(x). Defining the filtration of o-
fields Fi := o(z0,S1,...,5%—1), we have xp € Fj and that £ is a square-integrable
martingale difference sequence adapted to Fj. Indeed, for o and € > 0 we have

IGa(z; 9)|| < Le(z;s) and Haa(a:)H < L.(z)

by Lemma 7 and the definition of the Lipschitz constant, and for any « and a > 0,

(18)  Ep [l&@ )] <Ep [[Ga(@: $)IP] < E[22@:9)] = Lo(@)?,

because E[G,] = G,. In the context of our iterative procedures, for any a > 0,
Eléo(zk: Si) | Fil =0 and E[[[é0 (s Si)lI” | Fil < Le(ar)?.

The (random) progress of each iterate of the algorithm G is now the sum of a mean
progress G and a random noise perturbation ¢ with (conditional) mean 0 and bounded
second moments. The update form (17) shows that all of our examples—stochastic
proximal point, stochastic prox-linear, and the stochastic gradient method—have the
form (14) necessary for application of Theorem 2.

Functional convergence for the stochastic updates. Now that we have the repre-
sentation (17), it remains to verify that the mean gradient mapping G and errors
¢ satisfy the conditions necessary for application of Theorem 2. That is, we verify
(i) bounded iterates, (i) nonsummable but square-summable stepsizes, (iii) conver-
gence of the weighted error sequence, and (iv) the distance condition in the theorem.
Condition (ii) is trivial. To address condition (i), we temporarily make the following
assumption, noting that the compactness of X is sufficient for it to hold (we give
other sufficient conditions in section 3.4, showing that it is not too onerous).

Assumption D. With probability 1, the iterates (7) are bounded,

sup ||zg|| < 0.
k

A number of conditions, such as almost supermartingale convergence theorems
[44], are sufficient to guarantee Assumption D. Whenever Assumption D holds, we
have

Sup sup ||Ca(xk)|| < sup Le(xg) < 00,
k a>0 k

by Lemmas 7 and 8, because the supremum of an upper semicontinuous function on
a compact set is finite. That is, condition (i) of Theorem 2 on the boundedness of x
and y; holds.

The error sequences &,, are also well behaved for the model-based updates (7).
That is, condition (iii) of Theorem 2 is satisfied.
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LEMMA 9. Let Assumptions A, B, and D hold. Then with probability 1, the limit
limy, o0 Do poy Qkéay (k5 Sk) ezists and is finite.

Proof. Ignoring probability zero events, by Assumption D there is a random vari-
able B, which is finite with probability 1, such that ||zx|| < B for all k € N. As L(-) is
upper semicontinuous (Lemma 8), we know that sup{L.(x) | ||z|| < B,z € X} < o0.
Hence, using inequality (18), we have

& oo
ZE [O‘i € (x5 Sk | ]:k] < Zai sup  Lc(z)? < 0.
k=1 k=1 HIHSB,CDGX

Standard convergence results for ¢3-summable martingale difference sequences [16,
Thm. 5.3.33] immediately give the result. 0

Finally, we verify the fourth technical condition Theorem 2 requires by construct-
ing an appropriate closed-valued mapping H : R? = R? for any update scheme of the
form (7). Recall the definition (13) of the o.s.c. mapping G(z) = Ep[0f(z; S)]+0¢(z).
We then have the following limiting inclusion, which is the key result allowing our
limit statements.

LEMMA 10. Let the sequence xp € X satisfy x, — x € X and Assumptions A
and B hold. Let {i} C N be an increasing sequence. Then, for updates (7) satisfying
Conditions C.(1)-C.(iv),

N IR
nl;rr;o dist (n Z Ga,, (1), G(x) + ./\/X(x)> =0.

Proof. We begin with two intermediate lemmas on the continuity properties of
the models f,. Both lemmas assume the conditions of Lemma 10.

LEMMA 11. There exists M!(x; s) such that y — fr(y;s) is M!(x; s)-Lipschitz for
y € x+ (¢/2)B, and E[M/(xz;S5)] < co.
Proof. Let € > 0, and let g = g(z;s) € 0f,(x;8) C f(x;5). We have that

fa(y;8) = fo(;s) + {9,y — ) = f(2;8) — Mc(258) [y — 2

by the local Lipschitz condition A on f. Condition C.(iv) and the Lipschitzian as-
sumptions on f also guarantee that for y € x + €B,

folyss) < f(y; S)+%5e(m; $) lly =@ < f(a;5)+[Me(ws8) + 8e(as s) llx = yl] o = yll.

These two boundedness conditions and convexity of the model f, imply [33, Lem.
IV.3.1.1] that y — f.(y;s) is 2M,(z; ) + d¢(x; s)e-Lipschitz for y € = + (¢/2)B. O

LEMMA 12. Let xy,yr € X satisfy xx — z,yr — x, and let g € Ofx, (Yr; S).
Then there exists an integrable function M (-) such that for large k, dist(gr, Of (z;s)) <
M(s) for all s, and dist(gx, 0f(x;s)) — 0.

Proof. By Lemma 11, we know that there exists an integrable M such that ||gx|| <
M (s) for all large enough k. This gives the first claim of the lemma, as f(+; s) is locally
Lipschitz (Assumption A). Let g, be any limit point of the sequence gi; by moving to
a subsequence if necessary, we assume without loss of generality that gp — goo € R
Now let y € 4 eB. Then for large k we have
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@ e (; de(;
1092 Feaw9) = 2y > s ) -Gy — ) = By
Oc(;
o J5) 4 ooy — ) — LTy,

where inequality () is a consequence of Condition C.(iv). By definition of the Fréchet
subdifferential, we have go, € 0f(x;s) as desired. O

Now we return to the proof of Lemma 10. Let 2} (s) be shorthand for the result
of the update (7) when applied with the stepsize & = «a;,. For any € > 0, Lemma 7
shows that ||z} (s) — zx|| < @i Le(w;s). By the (convex) optimality conditions for

z (s), there exists a vector gt (zy; s) such that

g¥ (213 5) € Ofu, (af (5); 5)
and
Gan, (Th;5) € 87 (w15 8) + Op(af (5)) + Nx (2 ().
Let v (s) € 9¢p(z; (s)) and w; (s) € Nx(z; (s)) be the vectors such that
Gas, (213 8) = g7 (243 8) + v;f (5) + wyl (s).

The three set-valued mappings = — 8f(z s), x — dp(z), and z — Nx(z) are
o.s.c. (see Lemmas 1, 2, and 6). Since z; (s) — x tends to  as k — oo (as zj, — z),
this outer semicontinuity and Lemma 12 thus imply

(19)
dist (g¥ (wk; s), 0f (z;8)) — 0, dist(v;f (s),00(x)) — 0, dist(w; (s), Nx(z)) =0

as k — oco. Because z — x and the Lipschitz constants L.(-; s) are upper semicon-
tinuous, (19) and Lemma 7 also imply that

limsup ||g¥ (zx;5) + v} (s)|| < Le(x;s) and limsup [Gas, (ks 8)|| < Le(zs ).
k k

By the triangle inequality, we thus obtain lim sup,, Hw,j (S)H < 2L.(z; s), and hence,
dist (wy (s), Nx(z) N 2L(x;s) - B) — 0.

That L(z) = E[L(x; S)?]? yields Nx (z) N 2L (z)B D [(Nx(z)N2L(x;5)-B)dP(s),
and the definition of the set-valued integral and convexity of dist(-,-) imply that

S|

dist< i G(z)+ Nx(x )ﬂ2L6($)~B>
k

=< %Z/dlSt Qi xkv ),8f(x, 3) + 84,0(55) +NX(£L’) N QLE(I';S) . ]B) dP(s)
k=1

We now bound the preceding integral. By the definition of Minkowski addition
and the triangle inequality, we have the pointwise convergence

dist (Gaz (z1; 5), Of (23 8) + Op(x) + Nx (z) N 2L (z; S)B)
< dist(g(zk; 5), 0 (z;5)) + dist (v; (), Op(x)) + dist (wyf (s), Nx (z) N 2Le(z; 5)B) —0
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as k — oo by the earlier o.s.c. convergence guarantee (19). For suitably large k&, the
first term in the preceding sum is bounded by an integrable function M/(x;s) by
Lemma 12 and the latter two are bounded by 2L.(x; s), which is square integrable by
Lemma 8. Lebesgue’s dominated convergence theorem thus implies that the individual
summands in expression (20) converge to zero, and the analytic fact that the Ceséro
mean L 37" ), — 0 if ap — 0 gives the result. o

With this lemma, we may now show the functional convergence of our stochastic
model-based update schemes (7). We have verified that each of the conditions (i)—(iv)
of Theorem 2 hold with the mapping H(z) = —Nx(z) — G(z). Indeed, H is closed-
valued and o.s.c. as G(-) is convex compact 0.s.c. and Nx(+) is closed and o.s.c. Thus,
with slight abuse of notation, let z(-) be the linear interpolation (15) of the iterates xj
for either the stochastic prox-linear algorithm or the stochastic subgradient algorithm,
where we recall that 2%(-) = z(t + -). We have the following.

THEOREM 3. Let Assumptions A, B, and D hold. With probability one over the
random sequence S; X P we have the following. For any sequence {7},-,, the

function sequence {x™(-)} is relatively compact in C(Ry,R?). In addition, for any
sequence Ty, — 0o, any limit point of {x™ ()} in C(Ry,RY) satisfies

z(t) = z(0) —|—/0 y(r)dr for allt € Ry, where y(r) € —G(z(1)) — Nx (x(7)).

3.3. Properties of the limiting differential inclusion. Theorem 3 estab-
lishes that the updates (7), which include stochastic subgradient methods (Exam-
ple 1), stochastic prox-linear methods (Example 2), or stochastic proximal point
methods (Examples 3-4) have sample paths asymptotically approximated by the dif-
ferential inclusion

z € —G(z) — Nx(x) where G(z)=9f(z)+ dp(x)

for the objective f(x) = E[f(x;S)]. To establish convergence of the iterates xj them-
selves, we must understand the limiting properties of trajectories of the preceding
differential inclusion.

We define the minimal subgradient

g (e) i= argmuin { 9] | ¢ € 0 () +Dp(a) + N (2) | = T a0x ) (0):

Before presenting the theorem on the differential inclusion, we need one regularity
assumption on the objective function F(x) and the constraint set X. Recall that a
function f is coercive if f(x) — oo as ||z| — oo.

Assumption E. The function z — F(x) + Ix(z) is coercive.

This assumption ensures that the sublevel sets of the objective function F' + Ix
are compact. Now we have the following convergence theorem.

THEOREM 4. Let Assumptions A, B, and E hold. Let x(-) be a solution to the
differential inclusion & € —9f(x) — dp(x) — Nx(x) initialized at x(0) € X. Then z(t)
exists and is in X for allt € Ry, sup, ||z(t)|| < oo, x(t) is Lipschitz in t, and

f(@(1)) + p(x(t)) +/O lg* (7)1 dr < f(2(0)) + (x(0).
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We prove the theorem in section 3.3.1, giving a few corollaries to show that
solutions to the differential inclusion converge to stationary points of f + .

COROLLARY 2. Let z(+) be a solution to & € —G(z) — Nx(z) and assume that for
some t > 0 we have f(x(t)) = f(x(0)). Then g*(z(7)) =0 for all 7 € [0,¢].

Proof. By Theorem 4, we have that fot Ilg*(z(7))||* dr = 0, so that g*(z(7)) =0
for almost every 7 € [0,¢]. The continuity of (-) and outer semicontinuity of G extend
this to all 7. a0

In addition, we can show that all cluster points of any trajectory solving the
differential inclusion (11) are stationary. First, we recall the following definition.

DEFINITION 1. Let {x(t)}1>0 be a trajectory. A point x is a cluster point of
x(t) if there exists an increasing sequence t, — 0o such that x(t,) — Too-

We have the following observation.

COROLLARY 3. Let x(+) be the trajectory of © € —G(z) — Nx(z), and let zo be
a cluster point of x(-). Then x is stationary, meaning that g*(xo) = 0.

Proof. For € > 0, define To(zo) = {t € Ry | ||2(t) — 2ol < €}, and let p
denote Lebesgue measure on R. Because the trajectory z(-) is Lipschitz, we have
that u(7e(zo0) N [T,00)) = oo for all € > 0 and T < oo (cf. [1, Prop. 6.5.1]). Let
€n, On be sequences of positive numbers converging to 0. Because f(z(t)) + ¢(x(t))
converges to f(Zso) + ¢(Zoo) (the sequence is decreasing and f + ¢ is continuous), we
have [ lg* (z(t))||” dt < co. Moreover, there exist increasing T}, such that

/ g a0 e <5,
Ten (oo )N[Ty ,00)

As u(Te, (xoo) N [Ty, 0)) = oo, there must exist an increasing sequence t, > T,
tn € Te. (2oo), such that [|g*(z(tn))||> < 6,. By construction z(t,) — Zso, we have a
subsequence g*(z(t,)) — 0. The outer semicontinuity of z — G(z) + Nx(x) implies
that 0 € G(200) + Nx (To)- 0

3.3.1. Proof of Theorem 4. Our argument proceeds in three main steps. For
shorthand, we define F(z) = f(z) + ¢(x). Our first step shows that the function
V(z) := F(z) +Ix(x) — infycx F(y) is a Lyapunov function for the differential inclu-
sion (11), where we take the function W in Lemma 5 to be W (xz,v) = ||v]|*. Once we
have this, then we can use the existence result of Lemma 3 to show that a solution
x(+) exists in a neighborhood of 0. The uniqueness of trajectories (Lemma 4) then
implies that the trajectory x is nonincreasing for V', which then—combined with the
assumption of coercivity of F' + Ix—implies that the trajectory z is bounded and we
can extend uniquely it to all of R..

Part 1: A Lyapunov function. To develop a Lyapunov function, we compute
directional derivatives of f + .

LEMMA 13 (see [33, Chap. VI.1]). Leth be conver and g* = argmingepp,){ll9l}-

Then the directional derivative satisfies h'(z; —g*) = — ||lg*||*.

Now, take g*(z) as in the statement of the theorem and define the Lyapunov-like
function V(z) = f(x) + ¢(z) + Ix(z) — infyex{f(y) + ¢(y)}; we claim that

(21) V(25 —g"(2)) < — " (@)
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Before proving (21), we note that it is identical to that in Lemma 5 on monotone tra-
jectories of differential inclusions. Thus there exists a solution z(+) to the differential
inclusion & € —G(z) — Nx(z) defined on [0, 7] for some T' > 0, where z(-) satisfies

(22)  f(@(t) + p(2(t) + Ix(x(t) < f(2(0) + o (2(0)) — /0 g™ (z(m)|* dr

for all ¢ € [0,7]. We return now to prove the claim (21). Let z € X and recall
by Assumption B that for all A > E[A(S,z)] that f + 2 || — x| is convex in an

e-neighborhood of z. Now, define F,(y) = f(y) + ¢(y) + 5 [ly — z||?, so that for v
with |lv|| =1 and ¢ < €, we have

22
|F(z+tv) = F(z)| < |Fo(z +tv) = F(z)] + —— o]
Because ¢ is convex and the error in the approximation f, of f is second order, taking
limits as u — v,t — 0, we have for any fixed x € X that

i inf F(z +tu) + Ix(x + tu) — F(z)

tl0,u—v t
F. t I tv) — F,
— liminf 2@+ tv) +Ix (@ +tv) - Folz) _ sup (g,v),
t10 t 9EDf () +0p(2)+Nx ()

where F(z) = f(x) + ¢(z), and we have used that the subgradient set of y — F,(y)
at y =z is 9f(x) + Op(x). Applying Lemma 13 with v = —g*(z) gives claim (21).

Part 2: Uniqueness of trajectories. Lemma 4 shows that solutions to & € —G(x)—
Nx (z) have unique trajectories almost immediately. By Assumption B, for any x € X,
f+o+3 ||I” is convex on the set X N{z +€eB} for all X > E[A(S, z)]. Thus for points
x1,xo satisfying ||z; — z|| < e and g; € Of (x;) + Op(x;) + Nx (x;),

(g1 +Az1 — g2 — Az, 1 —x2) >0 or (—g1+ g2, w1 —22) < Az — 1132||27

because subgradients of convex functions are increasing [33, Chap. VI]. Now, suppose
that on an interval [0, 7] the trajectory x(t) satisfies ||z (¢)| < Bj; that is, it lies in a
compact subset of X. Then by taking a finite subcovering of BB N X as necessary,
we may assume f + ¢ + % ||||2 is convex over BB N X. This preceding display is
equivalent to the condition of Lemma 4, so that for any B and any interval [0, T for
which the trajectory x(¢) satisfies ||z(t)|| < B on t € [0,T], the trajectory is unique.
In particular, the Lyapunov inequality (22) is satisfied on the interval over which the
trajectory @ € —G(z) — Nx(z) is defined.

Part 3: Extension to all times. We argue that we may take T'— oo. For any fixed
T < oo, we know that f(x(T)) + ¢(x(T)) < f(2(0)) + ¢(2(0)), and the coercivity of
f+ e over X implies that there exists B < oo such that ||(t)|| < B on this trajectory
(i.e., t € [0,T]). The compactness of Of (z) + dp(x) for z € X N{y : ||y|| < B} implies
that inf {||g|| | ¢ € Of(x) + dp(x) + Nx ()} is bounded (because 0 € Nx(z)). The
condition on existence of paths for all times 7" in Lemma 3 applies.

The Lipschitz condition on z(t) is an immediate consequence of the boundedness
of the subgradient sets 0f(z) + 0¢(z) for bounded z.

3.4. Almost sure convergence to stationary points. Thus far we have
shown that the limit points of the stochastic model-based iterations (7) are asymp-
totically equivalent to the differential inclusion (11) (Theorem 3) and that solutions
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to the differential inclusion have certain uniqueness and convergence properties (The-
orem 4). Based on those asymptotic equivalence results and convergence properties,
this section shows that cluster points of the iterates xj are stationary. To provide a
starting point, we state the main theorem of the section, which applies to any sequence
xy, generated by a model update (7) satisfying Conditions C.(i)-C.(iv).

THEOREM 5. Let Assumptions A, B, D, and E hold. Then with probability 1,
(23) [limkian(xk),limsup F(zy)] CF(X*) ={f(z) : 2 € X*}.
k

Let us discuss the theorem briefly. Theorem 1 is an immediate consequence of
Theorem 5, as Assumptions D and E are trivial when X is compact. To illustrate
Theorem 5, we also establish convergence of the iterates of xj to the stationary set
X* under the weak Sard-type Assumption C, giving Corollary 1 as a consequence.

COROLLARY 4. Let Assumptions A-E hold. With probability 1, all cluster points
of the sequence {x1}32, belong to the stationary set X*, and F(xy) = f(zr) + o(zk)
converges.

Proof. By Assumption C (that (F(X™*))¢ is dense), Theorem 5 implies that F'(xy)
converges. That all cluster points of x belong to X™* follows from Lemma 14 to come.O

Conditions for boundedness of the iterates. Key to our theorems is the bounded-
ness of the iterates xy, so it is important to give sufficient conditions that Assump-
tion D holds even when X is unbounded. We may develop examples by considering
the joint properties of the regularizer ¢ and objectives f(z;S) in the stochastic up-
dates of our methods. We mention two such examples, focusing for simplicity on the
stochastic subgradient method (Example 1, using subgradient g(z;s) € df(z;s)) in
the unconstrained case X = R?. We first assume that ¢(z) = %HxHQ, ie., ¢y or
Tikhonov regularization, common in statistical learning and inverse problems. In ad-
dition, let us assume that f(z;s) is L(s)-Lipschitz in 2, where L := E[L(S5)2]2 < oo,
so that ||g(x; s)|| < L(s). This regularization is sufficient to guarantee boundedness.

Observation 2. Let the conditions of the preceding paragraph hold. Assume that
E[L(S)?] < co. Then with probability 1, supy, ||2x| < co.

We provide the proof of Observation 2 in Appendix A.4. More quickly growing
regularization functions ¢ also yield bounded iterates. We begin with a definition.

DEFINITION 2. A function ¢ is B-coercive if im0 ¢(x)/ Hx||5 = o0, and it
is (X, B)-regularly coercive if it is B-coercive and ¢(x) > o(Ax) for ||z| large.

Observation 3. Let ¢ be (3, A)-coercive with A € [0,1). Assume that for all s € S,
x + f(z;s) is L(1 + ||x[|”)-Lipschitz in a neighborhood of z, where L < oo is some
constant, and v < 8 — 1. Then supy, [|zx| < oo.

The proof of Observation 3 is tangential to our main thrust; we provide it in [22].

3.4.1. Proof of Theorem 5. We prove the theorem using two intermediate
results: in the first part (Lemma 14), we show that if a cluster point z,, of the
sequence zj is nonstationary, then the iterates F'(zj) must decrease through F'(z.)
infinitely often. A consequence we show is that limsup, F'(z) and liminfy F'(zy)
belong to F(X*). We then show (Lemma 15) that the interpolated path z(-) of the
iterates xy (recall definition (15)) cannot move too quickly (Lemma 15). We finally
use this to show that all limting values of f(xy) 4+ ¢(x)) belong to F(X*). In the
statements of the lemmas, we implicitly assume all of the conditions of the theorem
(i.e., Assumptions A, B, D, and E).
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We start with a result on the boundaries of the sequences F'(z)) and the growth
of the path x(t) interpolating the iterates xj (recall the definition (15)).

LEMMA 14. With probability one, liminfy F(zy) € F(X*) and limsup, F(xy) €
F(X*). For any increasing sequence {hr} C R satisfying hi, — oo and limy x(hy) =
Too € X* and any sequence 7, — T > 0,

(24) limkinf F(z(hy — 1)) > F(xoo) > limsup F(x(hy + 7%)).-
: k
Proof. We begin with the second claim (24) of the lemma, as the first is a nearly
immediate consequence of the second. Let the probability 1 events of Theorem 3
hold; that is, the limit points of the shifted sequences {x™ (-)} satisfy the differential
inclusion (11). We introduce the left- and right-shifted times

hy, = hy — 7 and hz_:hk—‘er for k € N.

To show the lemma, it suffices to show that, for any subsequence {fj(,,)} of the
sequence {hy}, there exists a further subsequence {Aj(m(n))}nen such that

(25) lim F (:vh—

n— 0o k(m(n))

) > F(2s) > lim F (xh;f(m(n)))'

n—oo

Now, fix a subsequence {f4(;)}men. By Assumption D, both sequences {x(h,;(m))}

and {a:(hg(m))} are relatively compact in R?, and Theorem 3 implies that the sequence

of shifted functions {z"5tm (\)},,en is relatively compact in C(Ry,R?). As a conse-
quence, there exists a further subsequence {Aj(m(n))}n such that for u, = x(h,;(m(n)))

and v, = x(hz(m(n))L there are points us, and v, and a function Z € C(R,, R?) such

that

lmu, = teo, limu, = vee, and lim 2o (1) = Z(-).
n n n—oo
By this equation, that 7, — 7 as k — oo, and the assumption in the lemma that
limy z(hg) = limg 2" (74) = o0, we have T(0) = Uso, T(T) = Too, and F(27) = voo.
Theorem 3 shows that T satisfies the differential inclusion (11), which has monotone
trajectory by Theorem 4. As T(7) = 2o & X*, Corollary 2 implies the strict decrease

Fluse) = F((0)) > F(z(r)) > F(Z(27)) = F(ve0),

yielding inequality (25) and thus inequality (24).

Now we show the first claim of the lemma. Let y = liminfy F(x)) (the proof for
case y = limsup,, F'(xy) is, mutatis mutandis, identical). As the sequence {xj}72 ;| is
bounded and the function F' is continuous on X, there is a subsequence {Zj(m)}men
with 2p(n) = Zeo and limy, F(2gin)) = F(2s) = y. Recall that zp = x(ty) for
ty, = Zle a;. If oo & X*, then for any 7 > 0 and for hy, = t, inequality (24) implies
F(xs) > limsup,, F(2(hym) + 7)) > liminfy, F(2;), an absurdity, so we must have
Too € X™. 0

Our second intermediate result shows that the interpolated paths z(-) cannot
move too quickly.

LEMMA 15. For any two sequences {hi}72, and {h},}72 | satisfying hj, > hy,
limy, A}, = limy, hy, = oo and iminfy |z (h),) — x(hy)|| > 0, we have with probability 1
that lim Hlfk(h;C — hk) > 0.
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Proof. As in the proof of Lemma 14, fix the sample Sy, Ss, ... so that the proba-
bility 1 conclusions of Theorem 3 hold. Now, for h € R define

k<(h) =max{k € N:t, < h} and k~(h) =min{k € N: ¢, > h},

where we recall the interpolation times t;, = Zle «;. As ap — 0, the statement
lim infy, o (hx —hj,) > 0 is equivalent to the statement lim infy_, oo (£ (n,) _tk<(h;c)> >
0. For any m <n € N, we have

#(tn) — z(tm)|| = Z ;G (z:) + Z ;&
i=m+1 i=m+1

n

> aik

i=m-+1

< (tn — tm)sup HCM (acl)H +

Let M = sup; HCOH (%)H < 00 (use Lemmas 7 and 8 to see that M < oo). Lemma 9
implies that 1imy, 00 SUP, >, [|21e,, 41 @i&ill = 0. Thus, we obtain that for any € > 0,
there exists N € N such that for all m,n > NV,

n

> aig

i=m—+1

(26) (tn —tm)M > [|z(tn) — 2(tm)] —

2 ||$(tn) - -r(tm)” — €.

As z(-) are linear interpolations of xp = z(tx) and hy, hj, — oo, for any € > 0 there
exists exists K € N such that £ > K implies

[2(hy) — @(hy)|| < max {[|z(t,) — 2(tm)]| : nym € [k<(hy), ks (he)]}
< (tk>(hk) — tk>(hL)) M +e.

Since liminfy, ||z(h},) — x(hy)|| > 0, inequality (26) gives the result. d

To prove the theorem, we assume (liminfy F'(zy), limsup, F'(zy)) is nonempty, as
otherwise the result is trivial. As in the proof of Lemma 14, fix the sample S, S5,, ...
so that the probability 1 conclusions of Theorem 3 hold.

Suppose for the sake of contradiction that y" € (liminfy, F(xy),limsupy, F(z))
satisfies y" & F(X*). Let y*° < ", y*° € (liminfy F(z), limsup, F(zx)). We claim
we may choose sequences {hl°} and {h}} with Al° < R, limy Al = limy, A = oo, and

(27) F(x(hp)) =y°, F(z(h})) =y", and y° < F(z(t)) <y" for t e (b, h}).
To see that sequences satisfying condition (27) exist, we consider traversals of the

interval [y'°, y"] (see Figure 1). As liminfy, F(z}) < y'° < y" < limsup,, F(x}), there
exist increasing sequences hj, and hj with

F(z(h})) =4°, F(z(hi)) =y" and R} < hy.
Then we define the last entrance and first subsequent exit times
e .= sup{h € [h}, hi] : f(z(h)) <y°} and RN :=inf{h € [A hy] : f(z(h)) > y"}.

The continuity of F' and z(-) show that the conclusion (27) holds.
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hi

A

e i

Fic. 1. lllustration of proof of Theorem 5. The erratic line represents a trajectory F(z(t)),
with last entrance time hf and first exit time h',l', Such upcrossings must be separated in time by
the strict decreases in Lemma 14.

By taking a subsequence if necessary, we assume without loss of generality (w.l.o.g.)
that z(hl') — 2. By continuity, we have y" = F(z) and 2o ¢ X* as y" ¢
F(X*). Now, fix some 7 > 0, and take y, = liminfy F(z(h} — 7)), which satis-
fies y, > F(2s) = y" by Lemma 14, because 7o, ¢ X*. Consider the value gap
A = $min{ly. — y"|,|y" — ¢"°[} > 0. The continuity of F implies for some § > 0,
we have |F(z) — y"| < A for 2 € X N {z + 6B}. As liminfy, [F(z(hP)) — F(z)| =
ly'® —yM| > A and liminfy |[F(z(h} — 7)) — F(z0)| = |y- — y"| > A, by continuity of
F and our choice of d, we must have the separation

(28) limkinf |2(hg) — 2s0|| > 6, and limkinf |z(hf =) — 2o || > 6.
For this value § > 0, consider the sequence {h}22, defined by

ho = max {t |t < hi||2(t) — x(h',l')” = (5}.

Then using z(hf) = 2o, we have liminfy, |z(h2) — z(hf)|| > 6 and so
(29) he € [, hYi] eventually, and F(z(h3)) € [y, y"]

by definition (27) of the upcrossing times.

By (28) and that x(h}) — 2., we have h{ > max{hl%, A —7} for large enough k.
In particular, this implies that limsup, (k% — h¢) < 7. Because the paths z(-) cannot
move too quickly by Lemma 15, the quantity 7(8) := liminfy (b — h9) € (0,7]. By
taking subsequences if necessary, we may assume w.l.o.g. that the sequence hz — h*,;i —
Too € [7(8),7], so that h) = A} — 7 for 7, — Too > 0. As 2(h) — 2, & X*, Lemma
14 implies that liminfy F(x(h{)) > y", contradicting the containments (29). This is
the desired contradiction, which gives the theorem.

4. Experiments. The asymptotic results in the previous sections provide some-
what limited guidance for application of the methods. To that end, in this section
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we present experimental results explicating the performance of the methods as well
as comparing their performance to the deterministic prox-linear method (5) (adapted
from [19, sect. 5]). Drusvyatskiy and Lewis [19] provide a convergence guarantee
for the deterministic method that after O(1/€?) iterations, the method can output
an e-approximate stationary point, that is, a point Z such that there exists z¢ with
|Z — 20| < € and min{||g|| : ¢ € 9f(zo)} < e. These comparisons provide us a
somewhat better understanding of the practical advantages and disadvantages of the
stochastic methods we analyze.

We consider the following problem. We have observations b; = (ai,x*>2, 1=
1,...,n, for an unknown vector 2* € R?, and we wish to find 2*. This is a quadratic
system of equations, which arises (for example) in phase retrieval problems in imaging
science as well as in a number of combinatorial problems [10, 9]. The natural exact
penalty form of this system of equations yields the minimization problem

. 1< 2
minim == E i — by,
(30) inimize f(z) 02 | (a;, ) |

which is certainly of the form (1) with the function A (t) = |¢| and ¢;(z) = (a;, )* —b;,
so we may take the sample space S = {1,...,n}. In somewhat more general noise
models, we may also assume we observe b; = (ai,x*>2 + &; for some noise sequence
&;; in this case the problem (30) is a natural robust analogue of the typical phase
retrieval problem, which uses the smooth objective ({a;, x>2 —b;)?. While there are a
number of specialized procedures for solving such quadratic equations [10], we view
problem (30) as a natural candidate for exploration of our algorithms’ performance.

The stochastic prox-linear update of Example 2 is reasonably straightforward to
compute for the problem (30). Indeed, as V,({a;, =)* — b;) = 2 (a;, x) a;, by rescaling
by the stepsize oy, we may simplify the problem to minimizing [b+(a, z) |+ ||z — g 12
for some scalar b and vectors a,zyo € R?. A standard Lagrangian calculation shows
that

! b
argmin {|b+ (a,z) [+ 5 |z — CUOHZ} =x9 — m(\)a, where A\ = (w0, @) +b

and () is the projection of its argument into the interval [—1,1]. The full proxi-
mal step (Example 3) is somewhat more expensive, and for general weakly convex
functions, it may be difficult to estimate p(s), the weak-convexity constant; nonethe-
less, in section 4.3 we use it to evaluate its merits relative to the prox-linear updates
in terms of robustness to stepsize. Each iteration k£ of the deterministic prox-linear
method [7, 19] requires solving the quadratic program

1 — 1
(31) apy1 = arginin {n ; | (ai, z1)>+2 (a5, 2x) (@i, x—z3) — bi|+% & — ax||? },

which we perform using Mosek via the Convex. j1 package in Julia [52].

Before we present our results, we describe our choices for all parameters in our
experiments. In each experiment, we let n = 500 and d = 50, and we choose x*
uniformly from the unit sphere S¥~'. The noise variables &; are independently and
identically distributed Laplacian random variables with mean 0 and scale parameter
o, which we vary in our experiments. We construct the design matrix A € R"*¢,
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A=1la; --- ay)T, where each row is a measurement vector a;, as follows: we choose
U € R™* yniformly from the orthogonal matrices in R"*%, i.e., UTU = Ijyq. We
then make one of two choices for A, the first of which controls the condition number
of A and the second the regularity of the norms of the rows a;. In the former case, we
set A = UR, where R € diag(R?) C R%*? is diagonal with linearly spaced diagonal
elements in [1, k], so that k > 1 gives the condition number of A. In the latter case,
we set A = RU, where R € diag(R™) C R"*™ is again diagonal with linearly spaced
elements in [1,x]. Finally, in each of our experiments, we set the stepsize for the
stochastic methods as ay = k™7, where oy > 0 is the initial stepsize and 3 € (%, 1)
governs the rate of decrease in stepsize. We present three experiments in more detail
in the coming subsections: (i) basic performance of the algorithms, (ii) the role of
conditioning in the data matrix A, and (iii) an analysis of stepsize sensitivity for the
different stochastic methods, that is, an exploration of the effects of the choices of ag
and [ in the stepsize choice.

4.1. Performance for well-conditioned problems. In our first group of ex-
periments, we investigate the performance of the three algorithms under noiseless and
noisy observational situations. In each of these experiments, we set the condition
number k = k(A) = 1. We consider three experimental settings to compare the pro-
cedures: in the first, we have noiseless observations b; = <ai,x*>2; in the second, we
set b; = <ai,x*>2 + &;, where & are Laplacian with scale ¢ = 1; and in the third,
we again have noiseless observations b; = (a;, z*)?, but for a fraction p = 0.1 of the
observations, we replace b; with an independent N(0,25) random variable, so that
n/10 of the observations provide no information. Within each experimental setting,
we perform N = 100 independent tests, and in each individual test we allow the
stochastic methods to perform N = 200n iterations (so approximately 200 loops over
the data). For the deterministic prox-linear method (31), we allow 200 iterations.
Each deterministic iteration is certainly more expensive than n (sub)gradient steps
or stochastic prox-linear steps, but it provides a useful benchmark for comparison.
The stochastic methods additionally require specification of the initial stepsize «q
and power 8 for a; = agk™?, and to choose this, we let o € {1,10,10%,10%} and
B €{0.6,0.7,0.8,0.9}, perform 3n steps of the stochastic method with each potential
pair (ag, 8), and then perform the full N = 200n iterations with the best performing
pair. We measure performance of the methods within each test by plotting the gap
flxg) — f(z*), where we approximate z* by taking the best iterate zj produced by
any of those methods. While the problem is nonconvex and thus may have spuri-
ous local minima, these gaps provide a useful quantification of (relative) algorithm
performance.

We summarize our experimental results in Figure 2. In each plot, we plot the
median of the excess gap f(zx) — f(z*) as well as its 10% and 90% confidence in-
tervals over our N = 100 tests. In order to compare the methods, the horizontal
axis scales as iteration k divided by n for the stochastic methods and as iteration
for the deterministic method (31). Each of the three methods is convergent in these
experiments, and the stochastic methods exhibit fast convergence to reasonably ac-
curate (say e ~ 107%) solutions after a few passes through the data. Eventually
(though we do not always plot such results) the deterministic prox-linear algorithm
achieves substantially better accuracy, though its progress is often slower. This
corroborates substantial experience from the convex case with stochastic methods
(c.f. [40, 24]).
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(a) Noiseless (b) Noisy
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Fia. 2. Ezperiments with well-conditioned A matrices. The vertical axis shows f(zg) — f(x*),
the horizontal axis iteration count for the proz-linear iteration (31) or the k/nth iteration for the
stochastic methods. The key: prox is the proz-linear iteration (5), s.prox is the stochastic proz-linear
method (Ezample 2), sgm s the stochastic subgradient method (Example 1). (a) Methods with no

noise. (b) & i Laplacian with scale o = 1. (c) Proportion p = 0.1 of observations b; corrupted
arbitrarily.

There are differences in behavior for the different methods, which we can heuristi-
cally explain. In Figure 2(a), the stochastic prox-linear method (Example 2) converges
substantially more quickly than the stochastic subgradient method. Intuitively, we
expect this behavior because each data point (a;, b;) should have (a;, a:>2 = b; exactly,
and the precise stepping of the prox-linear method achieves this more easily. In
Figure 2(b), where b; = (a;, :L'*>2 + &; the two methods have similar behavior; in this
case, the population expectation fpop(z) = E[|b — (a,2*)|?] is smooth, because the
noise £ has a density, so gradient methods are likely to be reasonably effective. More-
over, with probability 1 we have (a;, x*>2 # b;, so that the precision of the prox-linear
step is unnecessary. Finally, Figure 2(c) shows that the methods are robust to cor-
ruption, but because we have (a;,2*)*> = b; for the majority of i € {1,...,n}, there
is still benefit to using the more exact (stochastic) prox-linear iteration. We note
in passing that the gap in function values f(xj) between the stochastic prox-linear
method and stochastic subgradient method (SGM) is statistically significantly posi-
tive at the p = 1072 level for iterations k = 1,...,20, and that at each iteration £,
the prox-linear method outperforms SGM for at least 77 of the N = 100 experiments
(which is statistically significant for rejecting the hypothesis that each is equally likely
to achieve lower objective value than the other at level p = 1076).
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4.2. Problem conditioning and observation irregularity. In our second set
of experiments, we briefly investigate conditioning of the problem (30) by modifying
the condition number x = 1 (A) of the measurement matrix A € R™*? or by modifying
the relative norms of the rows ||a;|| of A. In each of the experiments, we choose the
initial stepsize oy and power 3 in oy, = agk~? using the same heuristic as the previous
experiment for the stochastic methods (by considering a grid of possible values and
selecting the best after 3n iterations). We present four experiments, whose results we
summarize in Figure 3. As in the previous experiments, we plot the gaps f(xg)— f(x*)
versus iteration k (for the deterministic prox-linear method) and versus iteration k/n
for the stochastic methods. In the first two, we use observations b; = (ai,x*>2 + &,
where the noise variables are i.i.d. Laplacian with scale ¢ = 1, and we set A = UR
where R is diagonal, in the first (Figure 3(a)) scaling between 1 and £ = 10 and in
the second (Figure 3(b)) scaling between 1 and x = 100. Each method’s performance
degrades as the condition number x = k(A) increases, as one would expect. The
performance of SGM degrades substantially more quickly with the conditioning of
the matrix A, in spite of the fact that noisy observations improve its performance
relative to the other methods (in the case o = 0, SGM’s relative performance is
worse).

In the second two experiments, we set A = RU, where R is diagonal with entries
linearly spaced in [1, k] for x = 10, so that the norms ||a;|| are irregular (varying by
approximately a factor of £ = 10). In the first of the experiments (Figure 3(c)), we set

i — prox
10* - - S.prox
- S sgm

0 50 100 150 200

(a) A=UR, r(A) =10

(b) A=UR, r(A) = 100

H — prox
100 i - - S.prox
S oo sgm

() A= RU, b; = {(a;, z*)? (d) A= RU, b; = (a;,2*)* + &

Fic. 3. Experiments with A matrices of varying condition number and irreqularity in row morms.
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the observations b; = (a;,2*)* with no noise, while in the second (Figure 3(d)) we set
b; = (a;, a:*>2 +¢; for & i.i.d. Laplacian with scale o = 1. In both cases, the stochastic
prox-linear method has better performance—this is to be expected, because its more
exact updates involving the linearization h(c(xy;s) + Ve(zg; s)T (2 — x1); 8) are more
robust to scaling of ||a;||. As we explore more carefully in the next set of experiments,
one implication of these results is that the robustness and stability of the stochastic
prox-linear algorithm with respect to problem conditioning is reasonably good, while
the behavior of stochastic subgradient methods can be quite sensitive to conditioning
behavior of the design matrix A.

4.3. Robustness of stochastic methods to stepsize. In our final experiment,
we investigate the effects of stepsize parameters for the behavior of our stochastic
methods. For stepsizes o, = apk™?, the stochastic methods require specification of
both the parameter o and 3, so it is interesting to investigate the robustness of the
stochastic prox-linear method and SGM to various settings of ay and 8. In each of
these experiments, we set the condition number £(A4) = 1 and have no noise, i.e.,
b; = (a;,z*)°. We vary the initial stepsize g € {271,2%,23, ..., 2!} and the power
B €{0.5,0.55,0.6,...,1}. In this experiment, we have f(z*) = 0, and we investigate
the number of iterations

T(e) :=inf{k e N| f(zy) < €}

required to find and e-optimal solution. (In our experiments, the stochastic methods
always find such a solution eventually.) We perform N = 250 tests for each setting
of the pairs aq, 3, and in each test, we implement all three of the stochastic gradient
(Example 1), prox-linear (Example 2), and proximal-point (Example 3) methods, each
for k = 200n iterations, setting T'(e) = 200n if no iterate xy, satisfies f(zx) <.
Figure 4 illustrates the results of these experiments, where the vertical axis gives
the median time T'(¢) to € = 10~ 2-accuracy over all the N = 250 tests. The left plot
demonstrates convergence time of the stochastic prox-linear and subgradient meth-
ods versus the initial stepsize oy and power 3, indicated on the horizontal axes. The
solid white-to-blue surface, with thin lines, corresponds to the iteration counts for the
stochastic prox-linear method; the transparent surface with thicker lines corresponds
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F1G. 4. Iterations to achieve e-accuracy. Left: time to convergence versus cg and B for stochas-
tic subgradient (wireframe) and stochastic proz-linear (solid surface) methods. Right: time to con-
vergence versus initial stepsize ag with B = % for stochastic proximal, prox-linear, and gradient
methods.
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to the iteration counts for the stochastic subgradient method. Figure 4 shows that the
stochastic prox-linear algorithm consistently has comparable or better performance
than SGM for the same choices of parameters ag, 8. The right plot shows convergence
of the stochastic proximal-point method (see Example 3 in section 2.1), stochastic
prox-linear method, and stochastic subgradient method versus stepsize on a log-plot
of initial stepsizes, with 8 = % fixed. The most salient aspect of the figures is that
the stochastic prox-linear and proximal-point methods are more robust to stepsize
(mis-)specification than is SGM. Indeed, Figure 4 makes apparent, the range of step-
sizes yielding good performance for SGM is a relatively narrow valley, while the prox-
linear and proximal-point methods enjoy reasonable performance for broad choices of
(often large) stepsizes ag, with less sensitivity to the rate of decrease 8 in the stepsize
as well. This behavior is expected: the iterations of the stochastic prox-linear and
proximal-point methods (Examples 2-3) guard more carefully against wild swings that
result from aggressive stepsize choices, yielding more robust convergence and easier
stepsize selection.

Appendix A. Technical proofs and results.

A.1. Proof of Claim 1. Fix s € S; we let h = h(-;s) and ¢ = ¢(+;s) for
notational simplicity. Then for any y, z with ||y — z|| < € and ||z — z|| < € and some
vector v with ||[v]| < B ||y — z||* /2, we have

h(c(y)) = hlc(z) + Ve(2) (y = 2) +v)

> h(c(z) + Ve(2) T (y — 2)) = () ||v)l

(i) h(c(z)) + 0h(c(2))" Ve(2)" (y — 2) — M == ol

where inequality (i) follows from the local Lipschitz continuity of h and (ii) because

h is subdifferentiable. Let A > ¢(z)B.(z). Then adding the quantity % |ly — zo)” to
both sides of the preceding inequalities, we obtain for any g € dh(c(zx)) that

Mew)+5 Iy = 2ol 2 he(z)) + (Ve(=)g) "y = 2) = 5 12 = ul* + 5 1y = o
= h(e(2)) + 5 ll2 — ol + (Ve(2)g,y — 2) + Az — w0,y — 2).

That is, the function y — h(c(y)) + 5 |ly — zo|? has subgradient Ve(z)g + Mz — o)
at y = z for all z with ||z — x| < ¢ any function with nonempty subdifferential
everywhere on a compact convex set must be convex on that set [33]. In particular, we
see that y — f(y;s) is A(s,x) = Ye(x, )P (z, s)-weakly convex in an e-neighborhood
of x, giving the result.

The final result on Condition C.(iv) is nearly immediate: we have

h(c(y; s);s) > hic(w;s) + Ve(w; )" (y — x);s) — 2elwi5)Be(zi o) 3)265(33; ) ly

for y in an e-neighborhood of x by the Lipschitz continuity of h and Ve.

2
— |

A.2. Proof of Lemma 6. Recall Assumption B that for all z € X and some € >
0, there exists A(s, z) such that y — f(y; s)—i—@ lly — ||? is convex for ||ly — z| <,
and E[A(S,z)] < oo for all z. Then f(-;s) has a Fréchet subdifferential df(z;s) and
the directional derivative of f(-;s) in the direction v is f'(2; s;v) = supyeq s (ass) (9,0)
(cf. [47, Chap. 8]). Let A(s) = A(s,z) for shorthand, as x is fixed throughout our
argument. Fix v € R, and let u be near v with t < ¢/(||u|| + ||v||). Then
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A(s)t?
I

2
f(x +tu) = / {f(x + tu; s) + dP(s) — % lul® E[A(S)].

Because u — f(z + tu;s) + %9) [tu]? is a normal convex integrand [47, Chap. 14],
the dominated convergence theorem implies that

[z +tu) - f() :/ {f(xHU;S)f(x;S) )

2
tlu]

E[A(S)]

t t ol ap(e) -

— /f'(x; s;v)dP(s) ast— 0,u — v.

That is, f/'(z;v) = [ f'(z,s;v)dP(s). An argument parallel to that of Bertsekas [3,
Prop. 2.1-2.2] yields that 0f(z) = [ 8f(z;s)dP(s) and that df(x) is compact.

Now we show that Jf(-) is o.s.c. Because the support function of the subdif-
ferential Of(z) is the directional derivative of f, the outer semicontinuity of 9f is
equivalent to
(32) limsup f'(z;v) < f'(z;v) forall ||v|=1and 2 -2 € X

k—o0
(cf. [33, Prop. V.3.3.9]). Thesets 9,(f(y; s)+(A(s)/2) ||y — z||*) are bounded for y in a
neighborhood of  because the function f is weakly convex, where A(+) is P-integrable.
Let A = Ep[A(S,z)] < oo, and define g(y) = f(y) + 5 |ly — z||>. Then g is convex and
continuous near z [3], and we have [33, Cor. VI.6.2.5] that

g (z;v) = limsup ¢'(y; v)
y-)ZIJ

for all v € R%. But for convex g, we have ¢’ (z;v) = lim;o(g(x + tv) — g(z))/t, and so
the preceding display implies that as y — x we have

—o(1) < ¢'(z;v) — ¢'(y;v)

- M o2 - M o2
S CES0 S (e T B FURR.OES (O B YA e
i JEE ) @) S =S
t10 t tL0 t

In particular, the preceding limits exist, we have f’(z;v) = limyo(f(z+tv) — f(2))/t,
and inequality (32) holds by taking y — x. The preceding argument works, of course,
for any weakly convex function, and so applies to f(+;s) as well.

The final claim of the lemma is a standard calculation [19, 21].

A.3. Proof of Lemma 8. That L.(x;s) < oo for all z is immediate, as G(z;s) =
dp(x)+0f(x; s), and subdifferentials of convex functions () are compact convex sets.

We first show the upper semicontinuity of the function L(-;s). Suppose for the
sake of contradiction that for some z € X and for some sequence {z;}32, C X
converging to x, we have limy_,o, Lc(2x; s) exists and there is some ¢ > 0 such that

lim Lc(xg;s) > Le(x;s) + 9.
k—o0
By definition of L. we may choose x}, € X such that ||zx — z}|| < € and subgradient
vectors pi(s) € Of (z},;s) and qx(s) € Op(x},) satisfying
Le(zk;8) < [lpa(s) + qr(s)]| +6/2 for all k.
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Since the sequence {z},} C X is bounded, it has accumulation points and we may
assume w.l.o.g. that 2}, — 2’ € X, where 2’ satisfies ||z’ — z|| < e. The o.s.c. of the
subdifferential for weakly convex functions (Lemma 1 or 6) shows that there must be
a subsequence {ny} satisfying p,, (s) — p(s) € 9f(a';s) and ¢y, (s) = q(s) € dp(z').
In particular,

. . . 0
lim Le(zg;s) = limsup Le(2n,; s) < Umsup ||pn, (8) + gn, ()] + =
k—o0 k—s o0 k— o0 2
) )
= llp(s) +a(s)ll + 5 < Le(@; ) + 5,
which is a contradiction. Thus L(+; s) and L?(+;s) are upper semicontinuous.
To see that L.(-) is upper semicontinuous, we construct an integrable envelope for

the function and then apply Fatou’s lemma. Indeed, using the assumed M, (z; s)-local
Lipschitz continuity of y — f(y; s) for y near x, we have

1G(ys )| < Me(55) + [[00(y)]

for y with ||y — z|| < e. This quantity is integrable, and we may apply Fatou’s lemma
and Assumption A to obtain

limsup L(y) < E {limsup Le(y)} < E[Le(2:9)] < VE[Le(; S)?].

Yy—x Yy—x

A.4. Proof of Observation 2. In the case that ¢(z) = 3 |z]|?, the stochastic
update in Example 1 becomes z1 = and we have the recursion

1 _ g
1+O£k)\xk 1+Ock,)\gk’

k k
[ 1
1 i i 1
lzpn] < 1+ak)\+1+ak)\ |:| +a )7 ||| + _E o; L |:| +a;A)

Let L; = L(S;) for shorthand and define §; = L; — E[L(S;)], noting &; are i.i.d.
and mean zero. Assume that A\ = 1 and E[L(S)?] = 1 w.lo.g. Defining Z, =
Zf:l o, L; H;c:l(l + Oéj)\)_l7 so that Z; — E[Zk] = Z?:l ;& Hf:l(l + Olj)\)_l and
noting that

E[Zk41] =

E[Zk} + Q41 . < E[Zk] if E[Zk] > 1,
1+ gy <1 if E[Zk] <1

we have that sup;, E[Z)] < co. Moreover, if we let M}, = Zle a; H;;ll(l—f—aj)&, then
Z, — E|Zy] = H?:1(1 + ozj)*le, and My is a martingale adapted to the filtration
Fi =0(S1,...,5%). Noting that M1 — My = agi1 H?Zl(l + o )€41, we have

o0

1
E —E[(Mk+1 ‘ ]:k E ak+1E €k+1]
b—1 H?:l(l + O‘J')Q k=1

Applying standard Lo-martingale convergence results (e.g., [16, Exer. 5.3.35]) gives
that My/ H?Zl(l +a;) “3 0, and thus Z; “3 E[Z}], while certainly lim supy, [|zx|| <
lim supy, Z.



3258 JOHN C. DUCHI AND FENG RUAN

(22]
23]
[24]
25]
(26]
[27]

28]

29]

REFERENCES

J.-P. AUBIN AND A. CELLINA, Differential Inclusions: Set-Valued Maps and Viability Theory,
Springer-Verlag, Berlin, 1984.

M. BENATM, J. HOFBAUER, AND S. SORIN, Stochastic approzimations and differential inclusions,
SIAM J. Control Optim., 44 (2005), pp. 328-348.

D. P. BERTSEKAS, Stochastic optimization problems with nondifferentiable cost functionals, J.
Optim. Theory Appl., 12 (1973), pp. 218-231.

J. BoLTE, A. DANILIDIS, A. S. LEwWIS, AND M. SHIOTA, Clarke subgradients of stratifiable
functions, STAM J. Optim., 18 (2007), pp. 556-572.

J. BoLTE, A. DANILIDIS, O. LEY, AND L. MAZET, Characterizations of Lojasiewicz inequalities:
Subgradient flows, talweg, convexity, Trans. Amer. Math. Soc., 362 (2010), pp. 3319-3363.

V. BORKAR, Stochastic Approzimation, Cambridge University Press, Cambridge, UK, 2008.

J. BURKE, Descent methods for composite nondifferentiable optimization problems, Math. Pro-
gram., 33 (1985), pp. 260-279.

E. CanDEs, T. STROHMER, AND V. VORONINSKI, PhaseLift: Ezact and stable signal recovery
from magnitude measurements via convex programming, Comm. Pure Appl. Math., 66 (8), 2013.
E. J. Canpis, X. L1, AND M. SOLTANOLKOTABI, Phase retrieval via Wirtinger flow: Theory
and algorithms, IEEE Trans. Inform. Theory, 61 (2015), pp. 1985-2007.

Y. CHEN AND E. CANDES, Solving random quadratic systems of equations is nearly as easy as
solving linear systems, Comm. Pure Appl. Math., 2015, to appear.

A. R. ConN, N. I. M. GouLp, AND P. L. ToiNT, Trust Region Methods, MOS-SIAM Ser.
Optim., Philadelphia, 2000.

D. Davis AND D. DRUSVYATSKIY, Stochastic subgradient method converges at the rate O(k’l/‘l)
on weakly convez functions, preprint, arXiv:1802.02988 [cs.LG], 2018.

D. Davis AND D. DRUSVYATSKIY, Stochastic model-based minimization of weakly conver func-
tions, preprint, arXiv:1803.06523 [cs.LG], 2018.

D. Davis AND B. GRIMMER, Prozimally guided stochastic subgradient method for nonsmooth,
nonconvex problems, preprint, arXiv:1707.03505 [cs.LG], 2017.

D. Davis, D. DRUSVYATSKIY, S. KAKADE, AND J. D. LEE, Stochastic subgradient method con-
verges on tame functions, preprint, arXiv:1804.07795 [cs.LG], 2018.

A. DEMBO, Probability Theory: STAT310/MATH230, lecture notes, Stanford University,
Stanford, CA, 2016, http://statweb.stanford.edu/~adembo/stat-310b/Inotes.pdf.

P. A. DOROFEYEV, Some properties of the generalized gradient method, Comput. Math. Math.
Phys., 25 (1985), pp. 117-122.

D. DRUSVYATSKIY, The prozimal point method revisited, preprint, arXiv:1712.06038 [math.OC],
2018, http://www.arXiv.org/abs/1712.06038.

D. DRUSVYATSKIY AND A. LEWIS, Error bounds, quadratic growth, and linear convergence of
prozimal methods, Math. Oper. Res., 43 (2018), pp. 919-948.

D. DRUSVYATSKIY AND C. PAQUETTE, Efficiency of minimizing compositions of convex functions
and smooth maps, preprint, arXiv:1605.00125 [math.OC], 2016.

D. DRUSVYATSKIY, A. IOFFE, AND A. LEWIS, Nonsmooth optimization using Taylor-like models:
Error bounds, convergence, and termination criteria, preprint, arXiv:1610.03446 [math.OS],
2016.

J. C. DucH1 AND F. RUAN, Stochastic methods for composite and weakly convex optimization
problems, preprint, arXiv:1703.08570 [math.OC], 2017.

J. C. DucHI AND F. RUAN. Solving (most) of a set of quadratic equalities: Composite optimiza-
tion for robust phase retrieval, Inf. Inference, 2018, to appear.

J. C. DucHI, E. HAZAN, AND Y. SINGER, Adaptive subgradient methods for online learning and
stochastic optimization, J. Mach. Learning Res., 12 (2011), pp. 2121-2159.

Y. M. ERMOLIEV, On the stochastic quasi-gradient method and stochastic quasi-Feyer sequences,
Kibernetika, 2 (1969), pp. 72-83.

Y. M. ERMOLIEV AND V. NORKIN, Stochastic generalized gradient method for nonconvex nons-
mooth stochastic optimization, Cybernet. Systems Anal., 34 (1998), pp. 196-215.

Y. M. ERMOLIEV AND V. NORKIN, Solution of nonconvexr nonsmooth stochastic optimization
problems, Cybernet. Systems Anal., 39 (2003), pp. 701-715.

R. FLETCHER, A model algorithm for composite nondifferentiable optimization problems, in
Nondifferential and Variational Techniques in Optimization, D. C. Sorensen and R. J.-B. Wets,
eds., Math. Program. Studies 17, Springer, Berlin, 1982, pp. 67-76.

R. FLETCHER AND G. A. WATSON, First and second order conditions for a class of nondiffer-
entiable optimization problems, Math. Program., 18 (1980), pp. 291-307.


https://arxiv.org/abs/1802.02988
https://arxiv.org/abs/1803.06523
https://arxiv.org/abs/1707.03505
https://arxiv.org/abs/1804.07795
http://statweb.stanford.edu/~adembo/stat-310b/lnotes.pdf
https://arxiv.org/abs/1712.06038
http://www.arXiv.org/abs/1712.06038
https://arxiv.org/abs/1605.00125
https://arxiv.org/abs/1610.03446
https://arxiv.org/abs/1703.08570

[30]
[31]
[32]
133
[34]

35]
(36]

(37]
(38]
39]
[40]
[41]

[42]
[43]

(44]

[45]
[46]

[47]
(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

STOCHASTIC METHODS FOR COMPOSITE OPTIMIZATION 3259

A. M. GUPAL, Stochastic Methods for Solving Nonsmooth Extremal Problems, Naukova Dumka,
Kiev, 1979 (In Ukrainian).

M. HARDT AND T. MA, Identity matters in deep learning, in Proceedings of the Fifth Interna-
tional Conference on Learning Representations, 2017.

T. HAsTIE, R. TIBSHIRANI, AND J. FRIEDMAN, The Elements of Statistical Learning, 2nd ed.,
Springer, New York, 2009.

J. HIRIART-URRUTY AND C. LEMARECHAL, Convezr Analysis and Minimization Algorithms 1 &
II, Springer, New York, 1993.

A. D. IoFFE, Critical values of set-valued maps with stratifiable graphs. extensions of Sard and
Smale-Sard theorems, Proc. Amer. Math. Soc., 136 (2008), pp. 3111-3119.

A. D. 1IoFrE, Variational Analysis of Regular Mappings, Springer, New York, 2017.

M. KunzE, Non-Smooth Dynamical Systems, Lect. Notes Math. 1744, Springer, New York,
2000.

H. J. KUSHNER AND G. YIN, Stochastic Approzimation and Recursive Algorithms and Applica-
tions, 2nd ed., Springer, New York, 2003.

A. S. LEwis AND S. J. WRIGHT, A proxzimal method for composite minimization, preprint,
arXiv:0812.0423 [math.OC], 2018.

L. LJuNG, Analysis of recursive stochastic algorithms, IEEE Trans. Automat. Control, 22 (1977),
pp. 551-575.

A. NEMIROVSKI, A. JUDITSKY, G. LAN, AND A. SHAPIRO, Robust stochastic approxrimation
approach to stochastic programming, STAM J. Optim., 19 (2009), pp. 1574-1609.

Y. NESTEROV, Introductory Lectures on Convexr Optimization, Kluwer Academic Publishers,
Dordrecht, the Netherlands, 2004.

J. NOCEDAL AND S. J. WRIGHT, Numerical Optimization, Springer, New York, 2006.

R. PoLIQUIN AND R. T. ROCKAFELLAR, Proz-regular functions in variational analysis, Trans.
AMS, 348 (1996), pp. 1805-1838.

H. ROBBINS AND D. SIEGMUND, A convergence theorem for non-negative almost supermartin-
gales and some applications, in Optimizing Methods in Statistics, Academic Press, New York,
1971, pp. 233-257.

R. T. ROCKAFELLAR, Measurable dependence of convex sets and functions on parameters, J.
Math. Anal. Appl., 28 (1969), pp. 4-25.

R. T. ROCKAFELLAR, Monotone operators and the proximal point algorithm, SIAM J. Control
Optim., 14 (1976), pp. 877-898.

R. T. ROCKAFELLAR AND R. J. B. WETs, Variational Analysis, Springer, New York, 1998.

A. RuszczYNSKI, A linearization method for momsmooth stochastic programming problems,
Math. Oper. Res., 12 (1987), pp. 32—49.

Y. SCHECHTMAN, Y. C. ELDAR, O. CoHEN, H. N. CHAPMAN, J. MI1AO, AND M. SEGEV, Phase
retrieval with application to optical imaging, IEEE Signal Process. Magazine, 2015, pp. 87-109.
W. Su, S. BoyDp, AND E. CANDES, A differential equation for modeling nesterovs accelerated
gradient method: Theory and insights, in Advances in Neural Information Processing Systems
27, 2014, pp. 2510-2518.

R. TIBSHIRANI, Regression shrinkage and selection via the lasso, J. R. Stat. Soc. Ser. B. Stat.
Methodol., 58 (1996), pp. 267-288.

M. UpkLL, K. MoHAN, D. ZENG, J. HONG, S. DIAMOND, AND S. BoYD, Convex optimization
in Julia, in First Workshop on High Performance Technical Computing in Dynamic Languages,
IEEE, Piscataway, NJ, 2014, pp. 18-28.

M. WaNG, J. Liu, AND E. FANG, Accelerating stochastic composition optimization, in Advances
in Neural Information Processing Systems 29, 2016, pp. 1714-1722.

M. WANG, E. FANG, AND H. Liu, Stochastic compositional gradient descent: Algorithms for
minimizing compositions of expected-value functions, Math. Program. Ser. A, 161 (2017),
pp. 419-449.

H. WHITNEY, A function not constant on a connected set of critical points, Duke Math. J.,
1 (1935), pp. 514-517.

A. WIBISONO, A. WILSON, AND M. I. JORDAN, A wvariational perspective on accelerated methods
in optimization, Proc. Natl. Acad. Sci. USA, 113 (2016), pp. 7351-7358.


https://arxiv.org/abs/0812.0423

	Introduction
	Algorithms and main convergence result
	Examples
	The main convergence result

	Convergence analysis of the algorithm
	Preliminaries: Differential inclusions and set-valued analysis
	Functional convergence of the iteration path
	A general functional convergence theorem
	Differential inclusion for stochastic model-based methods

	Properties of the limiting differential inclusion
	Proof of Theorem 4

	Almost sure convergence to stationary points
	Proof of Theorem 5


	Experiments
	Performance for well-conditioned problems
	Problem conditioning and observation irregularity
	Robustness of stochastic methods to stepsize

	Appendix A. Technical proofs and results
	Proof of Claim 1
	Proof of Lemma 6
	Proof of Lemma 8
	Proof of Observation 2


