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Abstract

Regularization is used in many different areas of optimization when solutions are sought
which not only minimize a given function, but also possess a certain degree of regularity.
Popular applications are image denoising, sparse regression and machine learning. Since the
choice of the regularization parameter is crucial but often difficult, path-following methods
are used to approximate the entire regularization path, i.e., the set of all possible solutions
for all regularization parameters. Due to their nature, the development of these methods
requires structural results about the regularization path. The goal of this article is to derive
these results for the case of a smooth objective function which is penalized by a piecewise
differentiable regularization term. We do this by treating regularization as a multiobjective
optimization problem. Our results suggest that even in this general case, the regularization
path is piecewise smooth. Moreover, our theory allows for a classification of the nonsmooth
features that occur in between smooth parts. This is demonstrated in two applications, namely
support-vector machines and exact penalty methods.

Keywords Regularization - Nonsmooth analysis - Multiobjective optimization

Mathematics Subject Classification 65F22 - 62J07 - 90C29 - 49J52

1 Introduction

In optimization, regularization is one of the basic tools for dealing with irregular solutions.
For an objective function f : R” — R, the idea is to add a regularization term g : R" — R
to f which enforces regularity, and to weight g with a regularization parameter A > 0 to
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control to which extent this regularity is enforced. So instead of optimizing f, the regularized
problem

min /(x) + Ag(x)

with A > 0 is solved. For A = 0 the original problem is recovered. Increasing A leads to
successively more regular solutions, at the cost of an increased objective value of f.
Depending on the application, the term “regularity” above can have many different mean-
ings: In sparse regression, regularity of the solution means sparsity, and a prominent example
for the regularization term is the £'-norm [1, 2]. In hyperplane separation for data classi-
fication (also known as support-vector machines), regularity is related to robustness of the
derived classifier, and a possible regularization term can be derived from the scalar product
of the data points with the hyperplane (known as the hinge loss) [2, 3]. In image denoising,
regularity means the absence of noise in the reconstructed image, which can be measured
using the total variation [4]. In (exact) penalty methods for constrained optimization prob-
lems, regularity refers to feasibility, and the sum of the individual constraint violations can
be used as a regularization term [5, 6]. Finally, in deep learning, regularization is used to
avoid overfitting, which is usually related to the £2- or £'-norm of the weights [3, 7].
Clearly, the choice of the regularization parameter A has a large impact on the solution of
the regularized problem. If A is chosen too small, then solutions are almost optimal for f but
irregular. If it is chosen too large, then solutions are highly regular but have an unacceptably
large objective value with respect to f. One way of dealing with this issue is to not only com-
pute a regularized solution for a single A, but to compute the entire so-called regularization
path R, which is the set of all regularized solutions for all A > 0. The properties and features
of R (e.g., knee points [8]) can then be used to better choose a desirable solution. Obviously,
simply solving the regularized problem for many A > 0 to obtain a discretization of R is
inefficient. Instead, so-called path-following methods (also known as continuation methods,
homotopy methods or predictor—corrector methods) can be used, which iteratively compute
new points on the regularization path close to already known points until the complete path is
explored. By exploiting the smoothness properties of the path, the computation of each new
point tends to be cheap. For the development of such methods, it is crucial to have a good
understanding of the structure of the regularization path. In [9, 10], it was shown that for
sparse regression, the regularization path R is piecewise linear and a path-following method
was proposed for its computation. Similar results were shown in [11] for support-vector
machines. In a more general setting in [12], it was shown that if f is piecewise quadratic and
g is piecewise linear, then R is always piecewise linear. In case of the exact penalty method in
constrained optimization, it was shown in [13] that if the constrained problem is convex (and
the equality constraints are affinely linear), then R is piecewise smooth. Recently, in [14], the
structure of the regularization path was analyzed for the case where f is twice continuously
differentiable and g is the ¢£!-norm, with the results suggesting that R is piecewise smooth.
The goal of this article is to analyze the structure of the regularization path in a more
general setting. Note that in the applications above, we have the pattern that f is always
smooth while g is always nonsmooth. Thus, in this article, we will also assume that f is
smooth. For g, we will assume that it is merely piecewise differentiable (as defined in [15]).
Compared to weaker assumptions in nonsmooth analysis like local Lipschitz continuity, this
has the advantage that the Clarke subdifferential of g is easy to compute and that the set of
nonsmooth points of g can essentially be described as a level set of certain smooth functions.
Since all of the regularization terms in the above applications (except for the £2-norm) are
in fact piecewise differentiable, our setting generalizes many of the existing approaches. We
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will analyze the structure of R by approximating it with the critical regularization path R,
which is based on the first-order optimality conditions of the regularized problem, and then
identifying sufficient conditions for R, to be smooth around a given point. More precisely,
our main result will be that if these conditions are met, then R, is locally the projection
of a higher-dimensional smooth manifold onto R" (cf. Theorem 2). In particular, all points
violating these conditions are potential “kinks” (or “nonsmooth points”) of R.. Depending
on which condition is violated, this allows for a classification of nonsmooth features of the
regularization path. Furthermore, the nature of our sufficient conditions suggests that R, (and
R) is still piecewise smooth.

From a theoretical point of view, the core idea of this article is the application of the level
set theorem (cf. [16], Theorem 5.12) to a smooth function & whose projected zero level set
locally coincides with R.. For & to be smooth, we have to carefully construct it by considering
the so-called smooth selection functions that g consists of. Compared to the previous results
in [9-13], this general approach has to be followed since, apart from smoothness, no other
properties of the selection functions can be exploited. For the case where g is the £'-norm,
this methodology reduces to the approach in [14], which is significantly easier to handle due
to the simplicity of the £!-norm. In the more general case that is considered in this article,
more care has to be taken when working with the selection functions.

The remainder of this article is structured as follows. In Sect. 2, we begin by briefly intro-
ducing the basic concepts that we use in our theoretical results (A more detailed introduction
can be found in the electronic supplementary material). Besides piecewise differentiability,
these are multiobjective optimization and affine geometry. The former can be used to obtain an
(almost) equivalent formulation of the regularization problem as a multiobjective optimiza-
tion problem, while the latter is required for working with the subdifferential of g. In Sect. 3,
we will analyze the structure of the regularization path R. We will do this by expressing R,
as the union of the intersection of certain sets, whose structure we can analyze by applying
standard results from differential geometry. We will also formulate an abstract algorithm for
a path-following method based on our results. In Sect. 4, we will apply our results to two
problem classes, which are support-vector machines and the exact penalty method. Finally,
we draw a conclusion and discuss possible future work in Sect. 5.

2 Basic concepts

In this section, we will introduce the basic ideas of piecewise differentiable functions, mul-
tiobjective optimization and affine geometry. As these topics may not be common in the
optimization community, we also compiled a more detailed introduction with the specific
results that we use in this article and included it in the electronic supplementary material.

For the regularization term we will assume piecewise differentiability [15] in the following
sense.

Definition1 Let U C R” be open. Let g : U — R be continuous and g; : U — R, i €
{1, ..., k}, be a set of r-times continuously differentiable (or C") functions for r € NU {oc}.
If g(x) € {g1(x), ..., gr(x)} for all x € U, then g is piecewise r-times differentiable (or a
PC" -function). In this case, {g1, ..., gk} is called a set of selection functions of g.

If g : U — Risa PC"-function with selection functions {gq, ..., gk}, then the Clarke
subdifferential [17] of g is given by

dg(x) =conv({Vgi(x):i e I°(x)}) Vx e U, (1)
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where conv(-) denotes the convex hull and 7¢(x) is the set of essentially active selection
Sfunctions in x. In particular, g (x) is a polytope and, assuming the essentially active selection
functions are known, easy to compute.

For the derivation of our theoretical results, we will interpret regularization problems as
multiobjective optimization problems (MOPs) [18-20]. For general functions f : R” — R
and g : R"” — R, the MOP minimizing f and g is denoted by

min (&
xeRr \ g(x)
and its solution is defined in the following.

Definition 2 A point x € R” is called Pareto optimal if there is no y € R" with

fO) < f(x)and g(y) <glx) or f(y) < f(x)andg(y) < g(x).

The set of all Pareto optimal points is the Pareto set. Its image under the objective vector
(f,g),1e., the set {(f(x), g(x))T : x is Pareto optimal} C R2, is the Pareto front.

If both f and g are at least locally Lipschitz continuous and x is Pareto optimal, then
0 € conv(d f(x)Udg(x)) 2)
or, equivalently,
Jo, a0 > 0,6 € 3f(x), &% €9g(x) & +anE? = 0,01 +r = 1. 3)

Points that satisfy this optimality condition are called Pareto critical and the set of all such
points is the Pareto critical set P.. The quantities o1 and a2 in (3) will be referred to as KKT
multipliers of f and g in x, respectively.

Finally, the structure of the condition (3) will make it possible to use affine geometry
[21-23] to relate properties of the Pareto critical set P, to properties of the subdifferentials
df(x)and dg(x).

Definition3 (a) Letk € Nand a' € R", i € {1,...,k}. Let A € R¥ with Zle)hi = 1.
Then Zle ria' is an affine combination of {a', ..., da*}.

(b) Let E C R". Then aff (E) is the set of all affine combinations of elements of E, called
the affine hull of E. Formally,

k k
aff(E) := {ina" keNa eE x eRie{l,... kLY a=1¢.
i=1 i=1

(c) Let E C R". If aff (E) = E, then E is called an affine space.

Analogously to linear algebra, it is possible to define the affine dimension affdim(A) and
affine bases of an affine space A. An important result about affine spaces (and convex sets)
is Carathéodory’s theorem:

Theorem 1 Let A be a finite subset of R". Then every element in conv(A) can be written as
a convex combination of affdim(aff (A)) + 1 elements of A.

@ Springer
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3 The structure of the regularization path

Let f : R” — Rbe continuously differentiable and g : R” — Rbe PC.Fora regularization
parameter A > 0, consider the parameter-dependent problem

min f(x) + Ag(x). 4)
xeR”
The set
R := {)E € R" : 31 > 0 with X € argmin f(x) + kg(x)} )
xeR”

is known as the regularization path of (4) [11, 24, 25] and the goal of this article is to analyze
its structure.

We will do this by not analyzing R directly, but by analyzing the (potentially larger) set
that is defined by the first-order optimality condition of (4): If X is a solution of (4) for some
A > 0, then it is a critical point of f + Lg,i.e.,0 € d(f + Ag)(x) (cf. Theorem 4.1 in [6]).
This is the motivation for defining the critical regularization path

Ro:={xeR":3n > 0with0 € d(f +rg)(D)}. (6)

In general we have R C R.. If f 4+ Ag is convex (e.g., if both f and g are convex), then
criticality is sufficient for optimality (cf. Theorem 4.2 in [6]), so R = R.. For example, this
is the case for the Lasso problem [1] (where f contains some least squares error and g is
the £!-norm) and total variation denoising [4] (where f contains some least squares error
and g is the total variation). The extend to which structural result about R, apply to R in the
general nonconvex case will be discussed in Remark 5.

Our main result in this section will be that R, has a piecewise smooth structure. More
precisely, we will derive five conditions (Assumptions A1 to A5) for a point x° € R, which,
when combined, assure that locally around x°, R.. is the projection of a smooth manifold from
a higher-dimensional space onto R”. In turn, these assumptions allow for a classification of
kinks of R, by checking which assumption is violated. Throughout this article, we will use
the term kinks to loosely refer to points in R, around which R, is not a smooth manifold.

In order to analyze the structure of R, we first show that R, is related to the Pareto critical

set P, of the MOP
[ f(x)
. 7
o (g(x) @
More precisely, we have the following lemma.

Lemma 1 It holds:
(@ Re={xeR":3¢ €dg(x),a; >0,ap0 > 0withaVf(x)+ a6 =0and o) +ar =

1} C P.
(b) ReU{x eR":0e dg(x)} = Pe

Proof (a) Since f is continuously differentiable we have 9 f (x) = {V f(x)} for all x € R".
Furthermore, from basic calculus for subdifferentials (cf. Corollary 1 in [17], Section
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2.3) it follows that X € R, is equivalent to
AA=>0:0€d(f+219)(x) =0f(x)+213g(x) =V f(X)+ rdg(x)

A
Vf(x ——0g(x
f(x)+l+k g(x)
1 A
3 0g(x),L>0: ——Vf(x ——&=0
& Feig(x), A= T f(x)+1+)L$
& Fecdgx),a; >0,00>0:1Vf(x)+aé=0ando; +ar = 1.

& dA>0:0¢
- 14+ A
+ ®)

By (3) this implies x € P,.

(b) Due to (a) we only have to show the implication “2”, so let x € P.. By (3) there are
£ edg(x)and oy, 0 > O withoy +ar = 1and o1V f(x) + ap€ = 0. If @ = O then
ar = 1,500 =& € dg(x). Otherwise, o1 > 0 and from (8) it follows that x € R, (with
A= Z—f). O

By the previous lemma, R, and P, coincide up to critical points of g in which all KKT
multipliers corresponding to f are zero. Roughly speaking, these points correspond to “A =
oo™ in (4).

Remark 1 Tt is important to note that Lemma 1 does not imply that critical points of g are not
contained in R, i.e.,that R.N{x € R" : 0 €dgx)} = . For example, if 0 € int_(ag(x)),
then it is possible to show that there is some A with 0 € d(f + Ag)(x) forall A > A.

By Lemma 1, structural results about Pareto critical sets can be used to analyze the structure
of the critical regularization path R.. For example, under some mild regularity assumptions
on f and g, Theorem 5.1 in [26] shows that in areas where g is (twice continuously) differen-
tiable, the set of Pareto critical points with non-vanishing KKT multipliers is the projection
of a 1-dimensional manifold from R"*2 onto R”. To derive our main result, we will extend
the ideas in [26] to the whole Pareto critical set up to certain kinks.

We begin by taking a closer look at the Pareto critical set P. of (7). By definition, P,
is characterized by the optimality condition (2). Since f is continuously differentiable and
g is PC!, the subdifferential of f is simply its gradient, and the subdifferential of g is the
convex hull of all essentially active selection functions (cf. (1)). Thus, for a fixed x € R",
(2) is equivalent to the existence of a vanishing convex combination of a finite number of
elements. This is the same type of condition as in the smooth case, except that there is now
no continuous dependency of these elements on x. Furthermore, the number of elements is
not constant. Nonetheless, by iterating over all possible essentially active sets, P, can at least
be written as the union of sets that behave similarly to Pareto critical sets in the smooth case.
Let{g1, ..., g} be aset of selection functions of g. Then formally, these considerations lead
to the following decomposition of P,:

P.={xeR":0econv({Vf(x)}Udg(x))}
={x eR":0econv({Vf(x)}U{Vgi(x):iel°x)})}
= |J Prna, )
I1C{l,....k}
where
Pli={x eR":0econv({Vf(x)}U{Vg(x):iel))

1 ._ n. ye _ (10)
Qi ={xeR":I°x)=1}.

@ Springer
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Fig.1 Decomposition of P, into
the sets Pc[ N Q! asin (9) 1

R PC(1,2,3,4) A Qit234}
— P not2
—pY na

In words, PCI is the Pareto critical set of the (smooth) MOP with objective vector
(f, &i»- ..g,",l)T (for I = {iy,...,1}) and Q! is the set of points in R” in which pre-
cisely the selection functions with an index in [ are essentially active. Thus, (9) expresses
P. as the union of Pareto critical sets of smooth MOPs that are intersected with the sets of
points with constant essentially active sets. A visualization of this decomposition is shown

in the following example.
Example 1 Consider problem (7) for f : RZ 5 R ox— (x1 —2)2+ (x2 — D2, and
g1 :RP >R, x> x1+x2,
@ :R? >R, x> x —x,
23 ‘R R, x> —x1 + x2,
g4:I[§2 - R, x> —x; —x2,
g:R* >R, x> max({g1(x), g2(x), g3(x), ga()}) = lIx[1.
It is possible to show that the Pareto critical (and in this case Pareto optimal) set is given by
P ={(0,00T}U (0, 11 x {0 U {x e R? 1 x1 € (1,2], x2 = x1 — 1}
— (PC{1,2,3,4} N 9[1,2,3,4]) U (PC{I,Z} N 9{1,2]) U (Pc{l} N Q{l]).

Figure 1 shows the decomposition of P, into the sets PC’ N Q! asin (9).

We will analyze the piecewise smooth structure of P. via (9) by first analyzing €/, then
the intersection P/ N Q! and finally the union over all P/ N Q. Furthermore, as we expect
P. to possess kinks, we will only consider its local structure around a given point. In other
words, for x° € P., we will only consider the structure of P, N U for open neighborhoods
U C R" of x°.

The strategy for our analysis in this section is to derive assumptions for x° which are
sufficient for P, to have a smooth structure locally around x°. These assumptions represent
different sources and types of nonsmoothness of P. and will allow for a classification of
nonsmooth points.

3.1 The structure of Q'

By definition, the set Q/ only depends on g. For I = {i} C {1,...,k}, QU is the set of
points where only the selection function g; is essentially active. From Lemma SM1 it follows
that QU is an open subset of R” in this case. For I € {1, ..., k} with [I| > 1, Q! is the
set of points where precisely the selection functions corresponding to the elements of / are
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essentially active. Typically (but not necessarily), these are points where g is nonsmooth,
which by Rademacher’s Theorem ( [27], Theorem 3.2) form a null set. In the following, we
will analyze its structure.

Since we are only interested in the structure of Q7 in a local sense, we also only have to
consider restrictions g|y of g to open neighborhoods of a point x” € R”. In terms of the open
neighborhood U of x° and the set of selection functions of g|¢7, we introduce the following
assumption:

Assumption A1 For x* € R” there is an open neighborhood U € R” of x° and a set of
selection functions {g1, . .., gk} of g|y such that

G I ={1,...,k},
(i) I¢(x)=1(x) VxeU,
(iii) affdim(aff({Vg;(x) :i € {1,...,k}})) = affdim(aff({Vg;(x) :i € {1,...,k}})) Vx €
U.

Assumption A1 can be interpreted as follows: A1(i) ensures that all selection functions we
consider are actually relevant for the representation of g in U. The condition A1(ii) ensures
that it does not matter if we consider the active or the essentially active set in U, which
allows for an easier representation of 2. Finally, A1(iii) makes sure that the representation
of 9g(x) via the gradients of our selection functions is “stable” on U with respect to its
affine dimension.

In the following, we will discuss the restrictiveness of Assumption Al. By (SM1), A1(i)
can always be satisfied by choosing U sufficiently small. For A1(ii) and (iii), we consider
the following example.

Example 2 (a) Let

gl:R2—>R, xv—>x%—x1,

2
xi—x1, x1 =<0,
g R> > R, xr—){ !

—X1, x1 >0,
g:R* >R, x> max({g1(x), g2(x)}).

Then g is PC! with selection functions g; and g. The graph and the level sets of g are
shown in Fig. 2. For the activity of g, we have
X € [x1,—x1],  x1 =0,

2€el(x) & gx) =gx) & {x2=0’ x1 >0,

and

2el°(x) & xeclint({y e R?: g(y) = £2(0)))
& x1 <0, xp €[x1, —x1].

Thus, for any open neighborhood U € R? of x* = (0,0) T, there is some x € U with
I¢(x) # I(x).Inother words, A1(ii) does not hold in x¥ for this set of selection functions.
But note that in this case, this can easily be fixed by modifying the behavior of g, for
x1 > 0. For example, replacing g, by

xP—xi,  x <0,

2

gz:RzaR, X =
—Xi — X1, x1 > 0.

solves the issue.
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o) \\
g 0
0.5
-1 If(x) = {1,2}
I(z) = {1,2}
1 Y
-1 -0.5 0 0.5 1
x2
(b)
Fig.2 a The graph of the PC L_function g in Example 2a. b The level sets of g
(b) For the selection functions g; and g, of g as in a), we have
2x1— 1,007, x; <0,

-1 .
Vgi(x) = (2xz> and Vga(x) = {(—2x1 1,07, x >0.

In particular, in x = (0, 0) T we have Vg; (x%) = Vg, (x°) = (—=1,0)T, so
affdim (aff ({Vg1 (x°), V&2 (x*))) = 0.
But it is easy to see that
affdim(aff ({Vg; (x), Vg2 (x)})) =1 Vx € R?\ {0}.
In particular, A1(iii) does not hold in x9 (for this set of selection functions).

By Lemma SMI, for a given x° € R”, we can always choose the open neighborhood U
of x¥ such that all selection functions of the local restriction g|y of g are essentially active
in x%. In particular, we can assume that / ¢(x%) = I(x%). While this does not imply that (ii)
holds in Assumption Al, the previous example shows how Al(ii) may be satisfied through
modifications of the selection functions in areas where they are active, but not essentially
active. Although we will not prove that this is always possible, it motivates us to believe that
A1(ii) is not a strong assumption in practice.

In contrast to A1(ii), modifying the selection functions will have less impact on A1(iii).
The reason for this is the fact that if A1(i) and A1(ii) hold, then the right-hand side of A1(iii)
is the dimension of the affine hull of the subdifferential of g in x9 (cf. (1). In particular, the
right-hand side does not depend on the choice of selection functions. In light of this, A1(iii)
implies that the dimension of the affine hull of the subdifferential of g is constantinallx € U
with 1¢(x) = 1°(x%), i.e., in all x € Q") (cf. (10)). Thus, Al(iii) is more related to the
function g and less related to the choice of selection functions. In Example 2 a), we see that
the set 2{1-2! (in blue) has a kink in x° = (0,0)". The following lemma suggests that this
is caused by Al(iii) being violated. Thus, by assuming A1(iii), we limit ourselves to local

.. . (0
restrictions g|y for which Q/°®") has a smooth structure.

Lemma2 LerxY € R™. Let U C R” be an open neighborhood of x° and let {g1, . . ., g} be
a set of selection functions of g|y as in Assumption Al. Let d = affdim(aff(3g(x°))) and
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let {i1, ..., ig+1} € {1,..., k} such that {Vg,-(xo) vi € iy, ..., ig+1}} is an affine basis of
aff({Vg; &% i e {1,...,k})). Then there is an open neighborhood U’ C U ofxo such
that

gi(x) —gi(x)=0Vief2,....k} & gix)—gi(x)=0Vie{in,... iav1}

forallx € U and QU-* N U’ is an embedded (n — d)-dimensional submanifold of U'. In
particular,

QUM Ny = (x e U’ : gi(x) — g, (x) =0Vi € {in, ..., ia11}}.

Proof The direction "=" is obvious, so consider the converse. By Al(iii) and since the
gradients Vg;,i € {i1, ..., ig+1}, are continuous, there is an open neighborhood U’ C U of
x© such that {Vgi(x) :i € {i1,...,iq+1}} is an affine basis of {Vg;(x) :i € {1, ..., k}} for
allx € U'. Let

g2(x) — g1(x)

0:U >R x> :
8k(x) — g1(x)

By Al(iii) the Jacobian Dg(x) has constant rank d for all x € U’. By Al(i) we have
(p(xo) = 0, so the level set L := ¢~ 1(0) = QLK Ny is nonempty. Thus, by Theorem
5.121in [16], L is an embedded (n — d)-dimensional submanifold of U’. Additionally, let

8ir () — giy (x)
¢ U >R x>
gid+|(x) _gil(x)

By construction, D¢’ (x) has constant rank d for all x € U’. With the same argument as
above, it follows that L’ := ¢’~1(0) is an embedded (n — d)-dimensional submanifold of U’
as well. Since L € L', L is also an embedded (n — d)-dimensional submanifold of L’ (cf.
[16], Proposition 4.22). By Proposition 5.1 in [16], this implies that L is an open subset of
L’. As L' is endowed with the subspace topology of U’ C R", this means that we can assume
w.l.o.g. that U’ is an open neighborhood of x° with U’ N L’ = L, completing the proof. 0O

By the previous lemma, Assumption A1 allows us to assume w.l.0.g. that for the restriction
glu, the set of points with a constant active set Q' ‘&%) is a smooth manifold around x° € U
of dimension n — affdim(aff (g (x°))). Furthermore, it shows that for the representation of
Qf MC) as a level set, it is sufficient to only consider a subset of the set of selection functions
whose gradients form an affine basis of 9g(x?).

3.2 The structure of P. N Q'

After analyzing the structure of 2/, we will now turn towards the structure of the intersection
PCI N Q! in (9). First of all, as for Q! we will show that not all selection functions of
g are required for the representation of PCI N Q. More precisely, a simple application of
Carathéodory’s theorem (Theorem 1) to the definition of P/ yields the following result.

Lemma3 Let x° € P. and let {gy, ..., gk} be a set of selection functions of g. If x° is
not a critical point of g, then there is an index set {iy,...,i;} < {1,...,k} with r =
affdimaff {(V £ (x°)} U 8g(x°))) such that
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(@) 0 € conv({Vf(xD}U{Vgi(x?) i€ lit,....ir}}D,

(b) {Vf(xo)} U{Vgi O ielin, ... ir))is affinely independent.

Proof By Theorem 1, there is an affinely independent subset of
(VSO U (Ve ti e (L. k)

0

of size r 4+ 1 with zero in its convex hull. Since x" is not a critical point of g, V f (x%) must
be contained in that subset. O

With Lemma 2 and Lemma 3, we have ways to simplify Q/ and P/, respectively, by only
considering certain selection functions of g. But note that we can not necessarily choose the
same selection functions for both results: Although the set {Vg; (xo) i efir,...,ir}}in
Lemma 3 is affinely independent, the index set {i1, ..., i} can not necessarily be used in
Lemma 2 since we might have r <d + 1, i.e.,

affdim aff ({V £ (x°)} U 9g(x"))) < affdim(aff(9g(x%))) + 1
& aff(V (")) Uag(”)) = aff(9g(x") (1D
& Vi) eaff(9g(x").

In particular, since x* is Pareto critical, this would imply that 0 € aff (g (x")) (even though

x¥ is not critical for g, i.e., 0 ¢ conv(dg(x"))). The following lemma shows that this scenario

is related to the uniqueness of the KKT multiplier corresponding to f in x°.

Lemma4 Let x° € P, such that x° is not a critical point of g.

(a) If the KKT multiplier oy of f in x0 (cf. (3)) is not unique, then Vf(xo) € aff(ag(xo)).
(b) IFV £ (xY) € aff(9g(x%)) and 0 is contained in the relative interior (cf. Definition SM9)
of conv({V f (x%)} U 8g(x2)), then the KKT multiplier o of f in x° is not unique.

Proof See “Appendix A.1”. O

Remark 2 1n [26], Section 4.3, it was shown that in the smooth case and under certain reg-
ularity assumptions on f and g, the coefficient vector of the vanishing convex combination
in the KKT condition in a point x € P, i.e., the vector (¢, ozz)T in (3), is orthogonal to the
tangent space of the image of the Pareto critical setat ( £ (x), g(x)) " . Thus, roughly speaking,
non-uniqueness of (o1, )| suggests that this tangent space is “degenarate”, i.e., that the
Pareto front possesses a kink at (f(x), g .

The following example shows what behavior may occur if the KKT multiplier of f is not
unique.

Example 3 Consider problem (7) for f : R?2 > R, x> xl2 + x%, and

g :RP SR, x> xi 4 (xp— 12

1
@R >R, x|—>x]2+(xz—1)2—(xz—§>,
¢:R> > R, x> max({g1(x), g2(x)}).

Then g is PC! with selection functions g1 and gp. It is easy to see that

QP ={x eR": [‘“(x) = {1,2}} =R x {%}
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Fig. 3 a Pareto critical set P. and ol , I € {1, 2}, in Example 3. b Pointwise discretization of the image
{(f(x), g(x))T ix € Rz} of the objective vector (f, g) and the image of the Pareto critical set under (f, g)

as depicted in Fig. 3a.
The Pareto critical (and in this case Pareto optimal) set is given by P. = {0} x [0, 1].
In particular, x° = (0, %)T is the only Pareto critical point where more than one selection

0

function is active, i.e., PC{I’Z} N Q2 = {x0}. By computing the gradients in x°, we obtain

Vi =007 Vg =0,-D", Verx®) =©0,-2)".
We see that

1 o 1 0 2 o 1 0

EVf(x )+ EVgl(x )=0 and §Vf(x )+ ngz(x ) =0,

so the KKT multiplier of £ is not unique. By Lemma 4 this implies V £ (x%) € aff ({3g(x%)}).
More explicitly, for this example, it is easy to check that

V%) =3Vg (x%) —2Vg(x?).

Figure 3b shows an approximation of the image of (f, g) and the image of the Pareto critical
set. As discussed in Remark 2, we see that the image of P, has a kink at (f(xo), g(xo))T =
.

As the previous example suggests, a scenario where the KKT multiplier of f is not unique
may occur if the Pareto critical set goes transversally through the set of nonsmooth points
instead of moving tangentially along it. In other words, it may occur if arbitrarily close to
x0 € P., there are Pareto critical points with essentially active sets /1 and I, such that I} # I
and I; # I1¢(x%) # I,. Due to continuity of the gradients, the KKT multipliers for both sets
I1 and I have accumulation points that are KKT multipliers of xY. Since I # I, these
accumulation points may not coincide, such that the KKT multipliers in x are not unique.
In terms of the structure of Pc’ N Q7 we see that it is a O-dimensional set in Example 3 (for
I = {1, 2}) as it is just a single point.

Although Pareto critical points x0 with V f (x9) € aff(d g(xo)) may not necessarily cause
nonsmoothness of P, we will still exclude them from our consideration of the local structure
of P, around x° to avoid the irregularities discussed above. So formally, we introduce the
following assumption:
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Fig.4 The gradients of f, g1 and ————
g2inx% = (1,0)T in Example 4. 1t S9(=) Vai(a) |
The dashed line shows the '/'
(relative) boundary of the convex
hull conv({V f(x%)} U 9g(x%)) ol 0,07,

i Ve

2lvsey”

-2 -1 0 1

Assumption A2 For x" € P. we have
VI(0) ¢ aff (95 (x")).

Roughly speaking, since affdim(aff(9g(x%))) < n in most cases, we expect that the
set of points that violate Assumption A2 is small compared to P. (or even empty). By (11),
Assumption A2 implies that there is an index set as in Lemma 3 that satisfies the requirements
of Lemma 2. In particular, P/ N Q! can then be expressed using only a subset of the selection
functions of g.

The discussion of P! N Q! so far was mainly focused on the removal of redundant
information in the subdifferential of g to simplify our analysis. We will now turn towards its
actual geometrical structure. To this end, we again consider Example 1.

Example 4 Let f and g be as in Example 1 (The corresponding Pareto critical set is shown in
Fig. 1). Let x = (1,0) T and U < R? be the open ball with radius one around x°. Then a set
of selection functions of g|y is given by {g1, g2} and we have le’Z} N2 = (0, 17 x {0}.
In particular, x° is a boundary point of PC{I’Z} N Q{12} such that PC{I’Z} N {12} is not smooth
around x° (in the sense of smooth manifolds). The gradients of f, g; and g are shown in
Fig. 4.

We see that there is a unique convex combination

1 0 2 0 0
gvf(x )+§Vg1(x )+0Vg(x") =0 (12)
where the coefficient of V g; (x9) is zero.

Note that in the previous example, there is still a vanishing affine combination of the
gradients of f, g; and g» for x = (xy, 0)T, x; > 1. But it is not a convex combination, as
the coefficient corresponding to Vg>(x) is negative. Due to the continuity of the gradients,
this can only happen if one of the coefficients in x° is already zero (as in (12)). To exclude
the type of nonsmoothness caused by this, we introduce the following assumption.

Assumption A3 For x* € P. and a set of selection functions {g1, ..., gk} of g, there is
an index set {i1,..., i} € {l,...,k} as in Lemma 3 and positive coefficients a¥ > 0,
BY € R>0) witha® + 37 _, ﬁ;? =1land oV f(x%) + >, ﬂ?Vgij % =o0.

The following lemma yields a necessary condition for Assumption A3 to hold, which is
related to the relative interior (cf. Definition SM9) of conv({V f (x*)}U?d g(xo)). In particular,
it is independent of the choice of selection functions.
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Lemma5 Let x0 € P.. Ifthere is a set of selection functions such that Assumption A3 holds,
then

0 € ri(conv({V £ (x%)} U dg(x°))).
Proof See “Appendix A.2”. O

After introducing the Assumptions Al, A2 and A3, we are now able to show the first
structural result about PCI N Q. The following lemma shows that PCI N Q! is the projection
of a level set from a higher-dimensional space onto the variable space R”.

Lemma6 Letx° € P.. Let U C R" be an open neighborhood of x° and let {g1, ..., g} be
a set of selection functions of g|uy satisfying Assumptions Al and A3. Assume that Assump-

tion A2 holds. Then there is an index set {iy, ..., i} € {1, ..., k}and an open neighborhood
U’ C U of x° such that
pll-H QM ny =pr . (h(O)NU, (13)

where pr, : R" x R x R” — R" is the projection onto the first n components and
aVf) + 352 BiVei, ()
h:R'xR7Ox (R™Y) - R'xRxR ™!, (x,, B) — a+ 3B —1
(8i;(x) — 8i, (X)) jef2,....r}

Proof Let {i1,...,i;} € {1,...,k} be an index set as in A3. Since the gradients V f and
Vgi;.j €{l....,r} are continuous and {V f (x")} U {Vg;, (x*) : j € {1,....r}} is affinely
independent, there is an open neighborhood U’ € U of x° such that {V f (x)} U {V gi; (x)
j €{l,...,r}}is affinely independent for all x € U’. In particular,

r < affdim(aff((V £ (x)} U {Vgi(x) :i € {1,...,k}))

< affdimaff({Vg;(x) 1i € {1,....k)) +1 Yxe U 14)
By Al, A2 and A3, we have
r 2 affdim aff ([V £ (x*)} U 8g(x%))) 2 affdim (aff(9g(x°))) + 1
MDD trdim (aff (Vg (x°) 1 € {1, ..., kD) + 1 (15)

D attdim(aff (Vi (x) i € {1,....k}) +1 VxeU.

Combining (14) and (15), we obtain
affdim(aff ({V f(x)} U {Vgi(x) :i € {1,...,k})) =r Vx e U,

so {Vf(x)}U {Vgl-j (x) 1 j € {l,...,r}} is an affine basis of {Vf(x)} U {Vgi(x) :i €
{1,...,k}}forall x € U’.
Letx € PC{1 """ Aoft. k}ﬂU/.By Lemma SM4, every element of aff ({V f (x)} U{Vg;(x) :

i €{l,...,k}}) can be uniquely written as an affine combination of elements of {V f(x)} U
{Vgi;(x) : j € {1,....r}}. Leta” and B° as in A3. Since o” > 0, g € (R*)" and the
gradients V f, Vgij, j €{1,...,r}, are continuous, we can assume w.l.o.g. that U’ is small

enough such that there are « > 0, 8 € (R*%)" with o + Z;‘=1 Bj =1and

aV )+ Y BV (x) =0.

Jj=1
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Furthermore, g;; (x) — g;;(x) = 0 holds for all j € {2,...,r} since x € QL% Thus,
h(x,a,B) =0,ie,x epr,(h="1(0)NU".

Now let x € prx(h_l(O)) N U’. Then x € Pgl """ trivially holds since {iq,...,i,} C
{1,...,k}. By Al and Lemma 2, we can assume w.lL.o.g. that U’ is small enough such that
8i;(x) — gi;(x) =0forall j € {2,...,r} implies x € QUK completing the proof. O

k}

Up to this point, we assumed f to be continuously differentiable and g to be PC!. This
means that the map /4 in the previous lemma is at least continuous. If 7 is actually continuously
differentiable, then standard results from differential geometry can be used to analyze the
structure of its level sets on the right-hand side of (13). To this end, we will assume for the
remainder of this section that f is twice continuously differentiable and g is PC2.
Theorem 2 [n the setting of Lemma 6 it holds:

(a) If Dh(x, o, B) has full rank for all (x,a, B) € h=1(0), then h=1(0) is a 1-dimensional
submanifold of R" x R0 x (R>9)".

(b) If Dh(x, «, B) has constant rank m € N for all (x, «, B) € R" x R*0 x (R>%) then
h=Y0) isan (n + r + 1 — m)-dimensional submanifold of R" x R>0 x (R>0)".

In both cases, the tangent space of h~'(0) is given by

Tix.a.p)(h ™ (0)) = ker(Dh(x, o, B)). 16
Proof Part a) follows from Corollary 5.14 and part b) follows from Theorem 5.12 in [16].
The formula for the tangent space follows from Proposition 5.38 in [16]. O

Remark 3 Equation (16) in the previous theorem can be used to compute tangent vectors of
the regularization path in practice by computing elements of pr, (ker(Dh(x, o, 8))). Thus,
it is an essential result for the construction of path-following methods.

The previous theorem is the main result in this section. It shows that the structure of
h~1(0) (and thus the structure of PCI N Q7 due to (13)) is related to the rank of the Jacobian
Dh, given by

aV2f(x) 4+ 2y Bi Vi (x) Vf(x) Vi (x) ... Vg, (x)
0 1 1 - 1
(Vgi,(x) — Vg, N’ 0 0 ... 0 e RO x(ntr+1)

(Vgi, (x) — Vg, )T 0 0O ... 0

for (x, a0, B) € R" x R>0 x (R>0)’. Note that in Theorem 2 b), the assumption on the rank
has to hold for all (x, &, B) € R" x R™0 x (R>9)" whereas in a), it only has to hold for all
(x,a, B) € h=1(0). The following remark shows how the structure of D/ can be used to
analyze its rank.

Remark 4 1In the setting of Lemma 6, let (v*, v*, vﬁ) € ker(Dh(x,«, B)) € R" x R>0 x
R ie.,

aVEF () + Y BV, () | v V£ + Y v Vg () =0,
Jj=1 j=1

r
v* +va =0,
j=1

(Vgi,(x) = Vgi, ) Tv* =0 Vje(2,....r}

a7
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Since {V f(x), Vgi, (x), ..., Vg; (x)} is affinely independent by construction (cf. proof of
Lemma 6), the set

r r
W= Uavf(X)-G—vaVg,-j(x):vo‘ eR, VA eR’,v“—}—va =0
j=1 j=1

is an r-dimensional linear subspace of R”. Similar to Lemma SM4, it is possible to show that
for each element of W, the corresponding coefficients v® and v# are unique. If V2 f (x) +
Z;z 1 Bj V2 8i; (x) is regular, then the first two lines of (17) are equivalent to

-1

,
vie—aVif) + ) BiVie(x) | W=V,
j=1

where Vj is an r-dimensional linear subspace of R”. In particular, v* and v# are uniquely
determined by v*. Furthermore, if we denote by V' the orthogonal complement of a subspace
V, then the last line of (17) is equivalent to

v' € span({Vei, (x) = Vgi, (x) : j € 2,.... 1) = Vs,

where V is an (n — (r — 1))-dimensional subspace of R” since {Vg;, (x),..., Vg (x)} is
affinely independent. Thus, the dimension of ker(Dh(x, «, 8)) is given by the dimension of
the intersection Vi N V,. If we assume that V| and V, are generic subspaces, then we can
apply a basic result from linear algebra to see that

dim(ker(Dh(x, «, B))) = dim(V] N V) = dim(V) 4+ dim(V,) — dim(V] + V3)
=r+m—(-1)—n=1,
i.e., the rank of Dh(x, «, B) is full and Theorem 2(a) can be applied.

The previous remark suggests that #~1(0) is typically a I1-dimensional manifold such
that we expect its projection P/ N Q' to be “1-dimensional” as well by (13). Nonetheless,
we will see later that there are applications where 2 ~1(0) is a higher-dimensional manifold.
Furthermore, there are cases where £~!(0) is not a manifold at all (Note that this is not
necessarily caused by the nonsmoothness of g and can also happen for smooth objective
functions (cf. Example 1 in [28])). Thus, for PCI N Q' to have a smooth structure around a
(corresponding) x° € P., we have to make the following assumption:

Assumption A4 In the setting of Lemma 6, Theorem 2 can be applied, i.e.,
(@) tk(Dh(x,a,B) =n+r Y(x,a, B) € h~1(0)or
(b) tk(Dh(x, o, B)) is constant  V(x, a, B) € R" x R*0 x (R>0)".

We conclude the discussion of the structure of P/ N Q! by considering the special case
where f is quadratic and g is piecewise (affinely) linear. Remark A.3 in the “Appendix”
shows that in this case, PCI N Q7 is (locally) an affinely linear set around points that satisfy
the assumptions of Lemma 6. This coincides with the results in [12].

3.3 The structure of P,

After analyzing the structure of P/ N Q/, we are now in the position to analyze the structure
of the Pareto critical set P. of (7). By (9), P, can be written as the union of PCI N Q! for
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all possible combinations / of selection functions. Since we already discussed the structure
of the individual P/ N Q/, the only additional nonsmooth points in P, may arise by taking
their union. More precisely, nonsmooth points may arise where the different PCI N Q! touch,
i.e., where the set of (essentially) active selection functions changes. The following lemma
yields a necessary condition for identifying such points.

Lemma7 Letx? € P.andlet g, ..., g} be aset of selection functions of g with 1¢(x°) =
{i1, ..., i1}, | € N. If for all open neighborhoods U C R" of x°, there is some x € P, N U
with 1¢(x) # 1°(x0), then there are « > 0 and B € (RZ°) such that o + le:l Bi=1,

i
aV )+ BiVe, (%) =0

j=1
and B; = 0 for some j € {1,...,1}.
Proof See “Appendix A.4”. O

A visualization of the previous lemma can be seen in Example 1: In xY = (1, O)T, the
sets PC{I‘Z} N Q-2 and Pc{l} N QU touch and there is a convex combination with a zero
component (cf. (12)). In this case, this causes a kink in P,.

Note that in general, the existence of a coefficient vector with a zero component as in
Lemma 7 is not a useful criterion to find points in P. where the active set changes. For
example, by Lemma 3, if the number of essentially active selection functions in x© is larger
than affdim(aff ({V £ (x°)} U 8g(x©))), then there is always a coefficient vector with a zero
component. A stricter condition would be that every coefficient vector has a zero compo-
nent, i.e., that zero is located on the relative boundary of conv({V f @MU 8g(x0)) (cf.
Definition SM9). By Lemma 5, this would imply that Assumption A3 cannot hold, such that
PCI N Q! may be nonsmooth around x°. Although the theory suggests (and we will later
explicitly see this in Example 6) that this must not necessarily be the case in points where
the active set changes, we believe it may be a useful criterion in practice.

Nonetheless, from a theoretical point of view, the only reliable assumption we can make
to exclude points where the essentially active set changes is the following:

Assumption A5 For x” € P. and a set of selection functions {g1, ..., gk} of g, there is an
open neighborhood U € R” of x such that

1°x)=1°:") VxeP.NU.

From our considerations up to this point it follows that if x* € P. is a point in which
Assumptions A1 to A5 hold (for the same set of selection functions), then P, is the projection
of a smooth manifold around x° as in Theorem 2. An overview of all five assumptions is
shown in Table 1. Unfortunately, in contrast to Assumptions Al, A2, A3 and A4, AS is only
an a posteriori condition, i.e., we already have to know P, around xY to be able to check if
Assumption A5 holds.

Remark 5 (a) For the development of path-following methods, it is crucial to be able to
detect nonsmooth points during computation of the regularization path. If the different
sets P.N Q! are computed separately, then typically (but not necessarily), the nonsmooth
points of the path are the end points of these sets (in case the path is “1-dimensional”,
cf. Remark 4). Thus, since path-following methods compute a pointwise approximation
of the path, these end points roughly appear as points where the method fails to continue
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Table 1 An overview of the five assumptions required to have a smooth structure of P, around Nep

LetxY € P..

Al There is an open nbd. U > x9 and a set of sel. fct. {g1,.... 8k} of gly with
O 16D ={1,.. k),
(i) I¢(x)=1I(x) VYxeU,
(iii) affdim(aff({Vg;(x) :i € {1,...,k}}))
= affdim(aff ({Vg; (x0) :i € {1,...,k}})) Vx € U.

A2 It holds V £ (x0) ¢ aff(3g(x?)).

A3 Let {g1, ..., gr} be a set of selection functions of g.
Tt exists {i{,...,ir} € {1,....k}anda® e R, B0 e R"
with o0 + 23:1 ﬁ? = 1 such that
() r = affdim@ff({V £ (x9)} Udgx?))),
(i) (VAN U Vg (x®) :ieli,..., i)} aff ind.,
(i) OV (O + 3 BIVe;, () =0,
(iv) o«¥>0,(8");>0Vje(l,....r}.

(cf. Lemma 3)

A4 Assume that A1, A2 and A3 hold and let / be defined as in Lemma 6.
(@ tk(Dh(x,a,B)=n+r Yx,a B)eh 1(0)or
() tk(Dh(x,a, B))isconstant  ¥(x, o, B) € R" x R>0 x (R>0)".

AS Let {g1, ..., gk} be a set of selection functions of g.
There is an open neighborhood U > x0 with 1¢(x) = 1¢(x%) Vx e P.NU.

with the currently active set / C {1, ..., k}. To find the exact nonsmooth point, one could
try to find the closest point where one of the Assumptions A1l to A5 is violated. While it
is not clear how this can be done numerically in our general setting, it is easier in specific
applications like ¢ -regularization [14] (where more structure can be exploited).

(b) If Assumption A5 is violated in x* € P, then there are Pareto critical points arbitrarily
close to x° with a different (essentially) active set I’ # I¢(x?). In practice, it may
be of interest to find I’. For example, in path-following methods, I’ could be used
to compute the direction in which P. continues once the nonsmoothness in xY was
detected. To this end, let {gy, ..., gr} be the set of selection functions which are all
essentially active at x°. While it is not possible to determine I’ solely from the set
conv({V f (x)}Udg(x)) = conv({V f(x)}U{Vgi (x0), ..., Vgr(x?)}), we can atleast
determine all potential candidates for I’ by finding all subsets {iy, ..., i} € {1,..., k}
with

0 € conv({V £ (x")} Uconv({Vg;, ?), ..., Vg, )]).

(c) As the union of different PC’ NQ! for I C {1,..., k}, we expect that P. (and thus
R, by Lemma 1) is typically a “l1-dimensional” set. In this case, as long as the actual
regularization path R (cf. (5)) is not discrete, both R, and R have the same “dimension”.
Thus, outside of kinks, we expect that R, and R coincide locally (More precisely, we
expect that for x € R there is some open set U € R” with x € U suchthat RN U =
R. N U). In this way, structural result about R, could also be applied to R in the general
NONCoNvex case.
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We conclude this section with Algorithm 1, which is an abstract path-following method
for P, based on our results (for the case where P, is connected and “1-dimensional”).

Algorithm 1 Abstract path-following method

Require: Step size 1 > 0, initial pointx1 € Pcand I C {1,...,k}such that x! € PCI nel.
1: Initialize i = 1. )
2: Compute the projected tangent space of PL.’ N Q! in x! via Lemma 6 and Theorem 2 and choose a tangent
vector v with ||v||2 = 1 in the current direction of continuation. (Predictor step)
: Compute a point xtlin PJ N Q! close to x! + rv. (Corrector step)
 if the end of P! N Q7 is detected then
Compute the end point x of PL.I nol.
forall I’ C 1°G), I’ #1, P ' n@l" £ ¢ do
Restart this method with 7 = I’ and some x! € PL.’/ na! close to i.
end for
9: else
10:  Seti =i+ 1 and go to step 2.
11: end if

A

Note that this algorithm is purely motivated by the structure of P. without taking any
computational regards into account. As such, to obtain a practical method for specific cases,
ways to implement the steps 3 to 6 have to be further investigated.

4 Examples

In this section, we will show how our results from Sect. 3 can be used to analyze the structure
of regularization paths in two common applications. These are support vector machines
(SVMs) in data classification [2] and the exact penalty method in constrained optimization
[5,29].

4.1 Support vector machine

Given a data set {(x', y') : x' e R, yi e {—1,1},i € {1,..., N}}, the goal of the support
vector machine (SVM) is to find w € R and b € R such that

sign(w'x! +b) =y Vie{l,...,N}.

In other words, the goal is to find a hyperplane {x € R’ : wx +b = 0} such that all x’ with
y' = 1 lie on one side and all x’ with y! = —1 lie on the other side of the hyperplane. Since
such a hyperplane may not be unique, an additional goal is to find the one where the minimal
distance of the x' to the hyperplane, also known as the margin, is as large as possible. One
way of solving this problem is the penalization approach

min  f(w, b) + Ag(w, b) (18)
(w,b)eR! xR
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for L > 0 and

1
iR XxR—>R, (w,b) Enwn%,

N
g:R'xR—>R, (w.b)—~> Y max{0,1—y w'x' +b)}.
i=1
Roughly speaking, minimizing g ensures that the hyperplane separates the data, while
minimizing f maximizes the margin. In theory, the most favorable hyperplane would be the
one with g(w, b) = 0 (if existent) and f(w, b) as small as possible. But in practice, when
working with large and noisy data sets, an imperfect separation where only few points violate
the separation may be more desirable. The balance between the margin and the quality of
the separation can be controlled via the parameter A in (18), yielding a regularization path
Rsym asin (5) (forn =1+ 1).

Remark 6 In the literature, the roles of f and g in problem (18) are typically reversed. The
resulting problem is equivalent to our formulation with the regularization parameter % (except
for critical points of f and g) (cf. Section 12.3.2 in [2]). Nonetheless, when the regularization
path of the SVM is considered, A in (18) is more commonly used for its parametrization.

The structure of the regularization path of the SVM was already considered in earlier
works. In [11], it was shown that Rgyy is 1-dimensional and piecewise linear up to certain
degenerate points, and a path-following method was proposed that exploits this structure.
It was conjectured (without proof) that the existence of these degenerate points is related
to certain properties of the data points (x’, y’), like having duplicates of the same point
or having multiple points with the same margin. In [30], these degeneracies were analyzed
further and a modified path-following method was proposed, specifically taking degenerate
data sets into account. Other methods for degenerate data sets were proposed in [31-33]. In
the following, we will analyze how these degeneracies relate to the nonsmooth points we
characterized in our results.

Obviously, f is twice continuously differentiable and g is PC? with selection functions

{(w,b) >y =y @x +b):1C {1,...,N}}.
iel

Furthermore, both f and g are convex, so Rsym coincides with the critical regularization
path (cf. (6)). Thus, we can apply our results from Sect. 3 to analyze the structure of Rsym.
Since f is quadratic and all selection functions are linear, Remark A.3 shows that the regu-
larization path is piecewise linear up to points violating the Assumptions Al to AS. Due to
the properties of g, the Assumption A1 always holds for the SVM, as shown in Remark A.5
in the “Appendix”.

In the following, we will consider the remaining Assumptions A2 to A5 in the context of
the SVM and relate them to the degeneracies reported in [11]. We will do this by considering
Example 1 from [30], which was specifically constructed to have a degenerate regularization
path.

Example 5 Consider the data set
{((0.7, 0.3)", 1), (05,057, 1), (2,27, -1),

(1,37, =1),((0.75,0.75 7, 1), ((1.75,1.75) T, —1)] .
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3
2
1
=
0
-1
47 [0 € 0g(x)
05 —Vf(z) =0 . . . | . .
0
N - 0 0.2 0.4 0.6 0.8 1
wa 0 o 0.5 1 f

(@) (b)
Fig. 5 a Regularization path of the SVM in Example 5 and the points xl = ﬁ(—%, —65,137) 7T, x2 =
%(735, —65, 1377, %3 = %(72, —2,5)T and x* = %(74, —4.1D)T.b Image of the regularization path
with y/ = (f(x'), g&xI)T,i € {1,...,4}, and the same coloring as in (a)

Fig. 6 Gradient of f, subdifferential of g and the (relative) boundary of the convex hull (dashed) in x2, x3

and x* in Example 5

The regularization path for this data set can be computed analytically and is shown in Fig. 5a.
In the following, we will analyze the points x', x?, x> and x* highlighted in Fig. 5a with
respect to the Assumptions A2 to AS.

The point x! lies in one of the 2-dimensional parts of the regularization path and it is
possible to show that g is smooth around x'. It is easy to verify that Assumptions A2, A3
and A5 are satisfied. With regard to Assumption A4, it holds r = affdim(aff({V f(x!)} U
9g(x")) =1 (cf. Lemma 3) and

20 0 02 14
0 20 0— 355%
Dhix.a.B)=10"60 0" 0
000 1 1

with tk(Dh(x, a, 8)) = 3 for all (x, e, ) € R* x R0 x R>C. Thus, A4(b) holds which
by Theorem 2 implies that the regularization path is the projectionof ann +r +1 —m =
3+ 1+ 1 — 3 = 2 dimensional manifold around x!, as expected.

The point x? lies in a kink in the regularization path. The subdifferential of g in x> can
be computed analytically and is shown in Fig. 6(a).
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In this case, we have affdim (aff (9g (x2))) = 2and V £ (x?) ¢ aff(9g(x?)), so Assumption
A2 holds. We see that zero lies on the relative boundary of conv({V f @xHua g(xz)}) such
that Assumption A3 must be violated (by Lemma 5). Furthermore, it is possible to show that
the active set changes in x2, so Assumption A5 is violated as well.

The point x? lies in another kink of the regularization path. The corresponding subdiffer-
ential of g is shown in Fig. 6b. As for x2, Assumptions A3 and A5 are violated in x3. But in
contrast to x2 we have affdirn(aff(ag(xz))) = 3, s0 Vf(x2) € aff(ag(xz)) = RR3 trivially
holds and Assumption A2 is violated. As discussed in Remark 2, this results in a kink in the
Pareto front in the image of x> under the objective vector (f, g), as can be seen in Fig. 5b.

Finally, x* marks a corner of one of the 2-dimensional parts of the regularization path and
the corresponding subdifferential is shown in Fig. 6¢c. As for x3, Assumptions A2, A3 and
A5 are violated in x*. But unlike x3, when we consider the image of x*in Fig. 5b, we see
that there is no kink in y*. This suggests that the KKT multiplier of f is unique even though
Assumption A2 is violated. Note that this is not a contradiction to Lemma 4 b), as 0 lies on
the relative boundary of conv({V f (x*)} U dg(x*)).

4.2 Exact penalty method

Consider the constrained optimization problem

min f(x)

xeR”?
st cl(x)<0, iefl,...,p} (19)
) =0, je{l,....q}
wheref:R"eR,c}:R"—)R,ie{l,...,p},andc?:R”—)R,je{l,...,q},are

continuously differentiable. In order to solve (19) the so-called exact penalty method can be
used, where the idea is to solve the (nonsmooth) problem

min f(x) + ig(x) (20)
xeR”?

with a penalty weight A > 0 and

4 q
g:R" >R, x> [ D max(c] (x).0) + Y |5 (x)]
i=1 j=1

It is easy to see that g is PC! and that a set of selection functions is given by

p q
8o R' >R, x> Y fic/(0)+ Y 0ici(x):0 €{0,1},0 € {—1, 1} 1. (21)
i=1 j=1

The method is based on the theoretical result that there is some A > 0 such that every strict
local minimizer of (19) is a local minimizer of (20) for every A > A, i.e., if A is large enough,
then the constrained problem (19) can be solved via the unconstrained problem (20) (cf. [5],
Theorem 17.3). In practice, problem (20) will become ill-conditioned if A is large compared
to A. Thus, it is instead solved for multiple, increasing values of A until a feasible solution
is found. This results in a regularization path R as in (5). Note that all feasible points of
(19) are critical points of g and the minimizer of (19) is typically the first intersection of the

@ Springer



Journal of Global Optimization (2023) 85:709-741 731

regularization path with the feasible set (when starting in the minimizer of f). In particular,
the existence of A as above implies that the minimizer of (19) is contained in R.

In [34], R is analyzed for the case where f is quadratic (and strictly convex) and all ci]
and c% are affinely linear. In this case, R coincides with the critical regularization path R (cf.
(6)). It is shown that R is piecewise linear, which coincides with our results in Remark A.3.
In [13], the more general case where f and all ci1 are convex and all c? are affinely linear
is considered. There, it still holds R = R, and it is shown that R is piecewise smooth with
kinks occurring where the constraints become satisfied or violated.

Here, we want to use our theory to analyze the critical regularization path R, in the more
general setting where f, cil and ¢2 are merely continuously differentiable. By our results in
Sect. 3, we know that R, is piecewise smooth up to points where the Assumptions Al to
AS are violated. In Remark A.6 in the “Appendix”, it is shown that if all x € R”" satisfy the
linear independence constraint qualification (LICQ), i.e., if

{Ve (x) : ¢} (x) = 0} U{VC)(x) : ¢5(x) = 0} (22)

is linearly independent for all x € R", then Assumption Al always holds and only Assump-
tions A2 to A5 may cause nonsmoothness in R.. For these remaining assumptions we consider
the following example, where the feasible set is given by continuously differentiable but non-
convex inequality constraints. It is inspired by problem (15) in [13].

Example 6 Consider the constrained optimization problem (19) with

I, 2 1
fx) = 371 + x5 —xix2 + 3 —2x7,

1 2
c%(x):— <<x1 — 5) +x§— 1),

2
1 _ l 2
c(x) = x1+2 +x5 =1,

1\2
c%(x):—(xlz—l—(xz—z) —1).

The corresponding critical regularization path R, of (20) can be computed analytically and
is shown in black in Fig. 7a, consisting of two disconnected paths. The feasible set of the
constrained problem coincides with the critical set of g, excluding the three isolated critical
points of g. Since c% and cé are nonconvex, g is nonconvex as well, which is why R, does
not coincide with the actual regularization path R in this case. More precisely, R is merely
the union of the path from the minimal point of f to x? and the intersection of R, with the
feasible set (cf. Fig. 7).

In the following we will analyze the kinks of R, which are located in x! to x* and between
the minimal point of f and x! (cf. Fig. 7a). First of all, it is easy to see that kinks occur
precisely where constraints become satisfied or violated along R.. Due to the construction of
the selection functions (cf. (21)), this causes Assumption A5 to be violated in these points.

For x!, the gradient of f and the subdifferential of g are shown in Fig. 8a. We see that
Assumption A2 holds and that Assumption A3 is violated since zero lies on the relative
boundary of conv({V f (x! )pu Bg(x1 )) (cf. Lemma 5). The same behavior occurs in all other
kinks except for x2.Forx2,V f (x2)and 3 g(xz) are shown in Fig. 8b. In contrast to the other
points, Assumption A2 is clearly violated since dim (aff (d g(x%))) =2 = n. As discussed in
Remark 2, this causes a kink in the image of R, which can be seen in Fig. 7b. Moreover, zero
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(a) (b)
Fig. 7 a R (black, solid) and R, (black) for the exact penalty method in Example 6 and the points X!~
(0.1614,0.9409) T, x2 = (0, ?)T, x3 &~ (=0.8027,0.9531) T, x* ~ (0.4631, —0.2691) T with a zoom of
the intersection of c31 (x) = 0 and R.. b Image of R, with yi = (f(xi), g(xi)), i €{l,...,4}, and the same
coloring as in (a). Furthermore, a zoom of the image around y3
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Fig.8 Gradientof f, subdifferential of g and the corresponding (relative) boundary of the convex hull (dashed)
in x! and x2 of Example 6

lies in the relative interior of conv({V f x2)1uUd g(xz)) and it is easy to see that Assumption
A3 holds.

In addition to the features described so far, the image of R, possesses so-called furning
points. If we treat the image of R, as an actual (continuous) path, then these are points where
the direction of the path abruptly turns around. For example, this can be observed in y> and
y* in Fig. 7b. These points were already discussed in [14] and in Example 3.4 therein, it was
highlighted that they are not necessarily caused by any nonsmoothess of the objectives. Since
we are mainly interested in the structure of R, in this article, we will leave their analysis for
future work.

Note that all kinks in the previous examples were points where constraints become sat-
isfied or violated, which suggests that the structural results from [13] also hold in our more
general nonconvex case, at least for the critical regularization path R.. Furthermore, R, is still
connecting the minimum of f to the solution of the constrained problem (19) (which is the

@ Springer



Journal of Global Optimization (2023) 85:709-741 733

intersection of R, with the feasible set). Thus, it might be possible to apply a path-following
method similar to the one in [13] to nonconvex problems as well.

5 Conclusion

In this article, we have presented results about the structure of regularization paths for
piecewise differentiable regularization terms. We did this by first showing that the critical
regularization path is related to the Pareto critical set P. of the multiobjective optimization
problem which contains the objective function f and the regularization term g. Afterwards,
we analyzed P, by reformulating it as a union of the intersection of certain sets, which
allowed us to apply differential geometry to obtain structural results. During this derivation,
we identified five assumptions (A1l to A5) which (when combined) are sufficient for P, to
have a smooth structure locally around a given x° € P.. In turn, nonsmooth features of P,
(like “kinks”) can be classified depending on which of these five assumptions is violated. We
demonstrated this by analyzing the regularization paths for the support-vector machine and
the exact penalty method.

Based on our results in this article, there are multiple possible directions for future work:

e We believe that most of our theoretical results would still hold (with only minor adjust-
ments) if we would assume f to be merely piecewise differentiable as well (In this case,
the regularization function f + Ag would still be piecewise differentiable).

e Although the MOP (7) considered in this article has only two objectives, multiobjective
optimization can handle any number of objectives. In particular, (7) could be formulated
for arbitrarily many regularization terms. We believe that results similar to ours (with a
higher-dimensional regularization path) could be obtained for this case. This would allow
regularization methods such as the elastic net [35] to be incorporated into our framework.

e While we were focused on regularization in this article, our results can also be used in
the context of general multiobjective optimization to construct path-following methods
for the solution of nonsmooth MOPs, extending [12—14, 26].

e Although we provided the main ingredients for the construction of path-following meth-
ods, i.e., a way to compute the tangent space in smooth areas and a characterization of
nonsmooth points, their development and actual implementation is still non-trivial. For
example, other important ingredients are the computation of new points on R, after taking
a step along the tangent direction (also known as a corrector), the detection of kinks in the
path and the computation of the correct tangent direction after a kink was found. Treating
these problems in our general framework could greatly simplify the development of new
path-following methods.
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Appendix A
A.1 Proof of Lemma 4
Let {g1, ..., gx} be a set of selection functions of g and let 1¢(x%) = (i1, ..., i}

(a) By assumption, for s € {1,2}, there have to be o] > 0 and g° € (R=9%! such that
l
aj+ 2B =1

I
V) + Y BIVe (x%) =0 (A1)

Jj=1

and ozll # (xlz. This implies

1 [
A VGO + Y BiVe, ) =i V(O + ) iV, ()
j=1 j=1
[ l 1

2
1
@W(x")z—al a2§ (B — BVai, () § ’1 ’v gi, (x%)
1 oy —

1 j=1 — 1

with

< — ) 1
— o
D B L

051—061 O{l—Otl

showing that V f (x) € aff (9 g (x)).
(b) Since V f(x%) € aff(3g(x°)) there has to be some g’ € R with lezl B =1and

I
VI =) BiVe, (). (A2)

j=1
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Furthermore, by Lemma SMS3, zero being contained in ri(conv({V f @MU agx)) is
equivalent to the existence of oy > 0 and 8 € (R*%) with a + le:] Bj =1and

1
VD) 4+ BiVei, (x%) =0. (A3)
j=1

Combination of (A2) and (A3) yields

l
(@1 =WV + ) (B +r8)Ve;x") =0 VrAeR
j=1

and

I 1 1
@ =M+ Y B+ =ar+Y Bi+r| -1+ 8| =1 VreR

j=l1 j=1 j=l1

Since @1 > 0 and 8 € (R>% there has to be some A # 0 such that ¢y — A > 0 and
B+ 1B € (R>% . In particular, o; — A # o is another KKT multiplier corresponding
to f in x°, completing the proof.

A.2 Proof of Lemma 5

Let {g1, ..., gk} be a set of selection functions that satisfies A3. Let L := {I,...,k}\
{it,...,ir}. Since {(VF(xN} U {Vgi(x®) : i € {i1,...,i}} is an affine basis of
aff({Vf(xO)} U 8g(x0)), there are coefficients 6 € R and v/ € R" for every [ € L with

6' +3 v =1and

Va &) =6V +) vive, (0.
j=1

Let :=—>, ;0 and; := -3, vj. for j € {I,...,r}. Then

0=> [ Ve —o'Via =D vive, )

leL j=1
B r
=0V )+ Ve, )+ ) Vax®)
j=1 leL
and 6+ + Y, 1 =0.Leta® > 0and 8% € (R*%)" as in A3. Then

0=a"Via")+Y AIVe, ()
j=1

OVIEO) + Y BIVE ) A [ OVEED) + ) 5 Ve 0 + ) Varx?)

j=1 j=1 leL
=@ +20)VFE") + D (B +25) Ve, %) + > AV x®) (A4)
j=1 leL
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for all . € R. By construction, there is some A > 0 such that (A4) is a vanishing convex
combination with strictly positive coefficients. Applying Lemma SM5 completes the proof.

A.3 Remark regarding Sect. 3.2

Let
1
[ R" >R, x— ExTAx—i—bTx—l—c

for A € R™" b € R" and ¢ € R. Furthermore, assume that there is a set of selection
functions {gi, ..., g} of g consisting of affinely linear functions, i.e.,

g R" > R, xi—)lex+ei

ford; e R", ¢; e R,i € {1,...,k}. Let x0 € P. and assume that Lemma 6 is applicable,
yielding an index set {i,...,i;} € {1,..., k}, an open neighborhood U’ C R" of xY and
coefficients «® € R™% and g% € (R>9)" such that 1 (x?, «%, 8% = 0. In this case, the map
h reduces to
a(Ax +b) + Z;:l ﬂjd,'j
h(x,a, B) = a+d i Bi—1
((d; —di)Tx + €i; =€) jef2....r}

.....

We will show that

pr (A1) NU" = (x° + pr, (ker(Dh(x°, °, BO))) N U, (A5)

which by Lemma 6 implies that Pcle(xo) NQI D NY isan affinely linear set with dimension
dim(pr, (ker(Dh(x°, a®, gO)))).

To this end, let (v*, v¥, v?) € ker(Dh(x?, @0, B9)). Since «® > 0, there is some & > 0
such that «® — rv® > 0 for all ¢ € [0, ¢). Define

o

s:[0,8) = R, th.
Since o > 0 and B° € (R>9)", there is some &’ € (0, ) such that
o + st >0,
BY+sn >0 Vie(l,....r)

forall s € [0, ¢'). Furthermore, since U’ is an open neighborhood of x°, there is some &” > 0
such that x* 4+ rv° € U’ forall 1 € [0, ¢”). Finally, a simple calculation shows that

h(x® + 1%, o + s, B2+ s@e)wf) =0 Vi e0,¢”).

Thus, “2” holds in (AS).
In turn, let (x', &', B1) € U’ x R7O x (R>%)" with h(x!, «', ') = 0. Let s := g—ﬂ’ It is
easy to show that

(= x0 s = a%), s(B' — B) € ker(Dh(x, a, B0)),

implying that “C” holds in (A5).
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A.4 Proof of Lemma 7

By assumption there is a sequence (x*)seny € P with limg_, o x% = x0and 7¢(x%) #* 1°(x%)
foralls € N. Assume w.l.o.g. that /¢(x*) is constant for all s € N. Due to the definition of the
essentially active set, we can assume w.l.o.g. that 7°(x*) = {i1, ..., in} 1¢(xY) for some
m < [. Since x* € P, for all s € N, there are sequences («¢*)seN € R0, (B*)sen € (RZ0ym
witho® + 377, B} = 1 and

V() + DBV, () =0

Jj=1

for all s € N. Since (¢*);en and (B%)en are bounded, we can assume w.l.o.g. that there
are o e RZ0 and B € (RZ%)™ with limy_, o0 @® = « and limy_.oc 5 = B. In particular,
o+ Z/:l /3‘, = 1. By continuity of V f and Vg,, i €{l,...,k}, we have

aVfEh) 4+ BiVe,(x%) =0.

Jj=1

The proof follows by setting 8 = (B, ..., Bi,,0,...,0) T € (R=9).

A.5 Remark regarding Sect. 4.1

Let g : R" — R be any piecewise linear and convex function. Let x° € R". By Lemma SMI1,
there is an open neighborhood U € R” of x° and a set of (affinely linear) selection functions
{g1, ..., gk} of g|ly which are all essentially active in x9. In particular, I(xo) ={1,...,k},
so A1(i) holds.

To see that A1(ii) holds, let z € U and j € I(z). Since all selection functions are essentially
active in x°, we have

X eclint{y e U : g(y) = g;(mN),

soV :=int({y e U : g(y) = g;j(y)}) # ¥. Let y € V. Since g is convex and g; is affinely
linear, we have

gl —=My+2r1) = —-2)gy)+rg(@ =(1—-2)g;(y)+2rg;()

(A6)
=gi((1 =2y +2rz) Vaelo, 1]

Assume that we have inequality in (A6), i.e., assume that there is some % € [0, 1] with
g(x) < gj(x) forx :=(1- X)y + Az. Then

(I =2y +24x) = (1 =1)g(y) +2g(x) < (I =1)g(y) +2g;(X)
=gi(1=Ny+Ax) Vie(0,1].

This is a contradiction to the openness of V, so we must have equality in (A6). This implies
JeI((l—=1)y+xrz) Vrelo,1].
As this holds for arbitrary y € V, we have

jel(x) Vxeconv(V U/{z}).
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Since V is open in R”, it is possible to show that

z € cl(int(conv(V U {z}))) < cl(int({y € U : g(y) = g;(»}),

showing that j € 7°(z).
Since Vg; is constant for all i € {1, ..., k}, it is easy to see that A1(iii) holds as well.

A.6 Remark regarding Sect. 4.2

We begin by deriving an explicit expression for the active set. To this end, let x € R" and
assume w.l.o.g. that there are p € {1,..., p}, g € {1, ..., ¢} such that

clx)=0, Vie{l.....p}. c(x)#0, Vie{p+1.....p).

) . ) ) o (A7)
cj(x)=0, vVjie{l,...,q}, cj(x) #0, Vje{g+1,...,q}.
Forie{p+1,...,pland j € {g+1,...,q} define
b 1, ifc/(x)>0
o, el <0 (A8)
& = sign(c}(x)),
and
P q
C:R'S R, x> Y Ol + Y 6 ).
i=p+1 j=q+1
Then by construction,
P q P q
g(x) =Y max{c/(x), 0} + Y |cF()| = Y max{c/(x),0}+ Y [} ()]
i=1 j=1 i=p+1 j=G+1
P . q
= Z Gicil(x) + Z &jci(x) = c(x)
i=p+1 j=q+1
b q
=)+ Y ficl () + ) 5ic3(x)
i=1 j=1
= 8.6)..,6) %)
forall 6 € {0,1}?,& € {—1, 1}9. Thus
1={@.07.6.6)1 00,1, (-1,17} < 1.
To show that “2” holds, let (8, &) € I(x). Then
-1, if6; #6;, 6 =0 =2, if6; #6j, 6 =1
0; —6; = {1, if6 #£6, 0, =1, 6;—6;=12, if6; #6j, 6 =1
0, otherwise 0, otherwise
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forallie{p+1,...,p},je{g+1,...,q}. Combined with (A8), this implies

P q P q
0= g(x) 5,500 = )_max{e/ (1), 0} + Y [} )| = Y bic] (1) = Y 6;¢5(x)
i=1 Jj=1 i=1 Jj=1

4 q
= > Gi—)c/@+ Y (6 —5)cx)
i=p+1 j=q+1
4 q
= > ld@l+ Y 20,
i=p+1 j=q+1
6;#6; 6j#6]
so both sums must be empty, i.e., é,- = éi foralli € {p+1,..., p}and 8j = o; for all

ie{g+1,...,q} Inparticular (8,6) € I,s0 I = I(x) for all x € R".
In the following, we will show that all active selection functions are essentially active. To
this end, let (8, 0) € I(x) = I. Define

< vel ifg; =0
t;=[ G, ito Viell,...,pl,

—Vel(x), ife; =1
wl = —0;Vci(x) Vje(l.....g),
C:=conv({v' :ie{l,....,pU{w’ : jell,....,q}}).

The LICQ (cf. (22)) implies that O ¢ C. With a basic result from convex analysis (cf. Lemma
in [36]), it follows that there is some d € R" \ {0} with

(Vel(x), d), if; =0
—(Vc!(x),d), if6; =1

0> (w/,d) = —(0;V3(x).d) Vje(l,....q).

O>(vi,d):{ Vie{l,...,ph

The continuity of the constraint functions implies that there is some 7 > 0 such that

1, if6; =0
sign(c! (x + td)) = {1 ;Qf _, Viel..p)
) r

sign(cj(x +td)) =0; Vje({l,....q),

for all + € (0, T). Note that in particular, for all points x + ¢d with ¢ € (0, T), there is a
neighborhood of x +fd on which g is smooth with g = gy . This shows that (0, o) € 1°(x).

Let x0 € R”". From our discussion up to this point it follows that A1(i) and (ii) hold for
an appropriate open neighborhood U of x°. To show that A1(iii) holds, let (9’, ¢’) be any
element of 7 = I(x°) (with p and 7 as in (A7)) and z € U. Clearly,

span({Vgo.o (z) — Vg 0/(2) : (0,0) € I})
S span({Ve/ (2) 1i € {1,.... pHU{VEI(R) 2 j € (L.....q})). (A9)
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We will show that we actually have equality in (A9), which implies that A1(iii) holds by the
LICQ (cf. (22)). To this end, let i’ € {1, ..., p}. Define

GO
={1, ifi=i6=0 Vie{l,..., p)
0, ifi=i6=1

Then (5, o) el so 8.0 (2)—8p.0'(2) = :l:Vcil, (z) and Vcil, (z) is contained in the left-hand
side of (A9). Analogously, it is possible to show that Vc?(z) is contained in the left-hand
side of (A9) forall j € {1, ..., g}, such that equality holds.
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