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Edouard Pauwels*

March 31, 2021

Abstract

We study the ridge method for min-max problems, and investigate its conver-
gence without any convexity, differentiability or qualification assumption. The cen-
tral issue is to determine whether the “parametric optimality formula” provides a
conservative field, a notion of generalized derivative well suited for optimization.
The answer to this question is positive in a semi-algebraic, and more generally de-
finable, context. The proof involves a new characterization of definable conservative
fields which is of independent interest. As a consequence, the ridge method applied
to definable objectives is proved to have a minimizing behavior and to converge to
a set of equilibria which satisfy an optimality condition. Definability is key to our
proof: we show that for a more general class of nonsmooth functions, conservativity
of the parametric optimality formula may fail, resulting in an absurd behavior of
the ridge method.

Keywords. min-max problems, ridge algorithm, parametric optimality, conservative
fields, definable sets, o-minimal structures, Clarke subdifferential, First order methods
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1 Introduction

1.1 Main result

We consider unconstrained minimization of an objective function:

: F 1
fro e max F(z,y), (1)

where F': R? x R" — R is locally Lipschitz and achieves its maximum||in y for all z € RP.
The function f will be called the value function, note that in this situation, f is also locally
Lipschitz. These notations and assumptions will be standing throughout this paper. We
consider the Ridge Method (RM), initialized with xzy € RP, it is defined recursively as
follows, for all &k € N,

€ F(xy,
Yr € argmax F'(zy, y)

(uk,0) € O°F (k, yi) (RM)

Tp41 = T — QgUg,

where (ag)ren 18 a nonsummable sequence of positive step sizes tending to 0 and 0°
denotes the Clarke subgradient [19]. The existence of the update direction uy in is
ensured by the Parametric Optimality (PO) formula for subgradient of partial maxima.
The algorithm relies on the knowledge of

e A partial maximization oracle, which associates to any x € RP, an element of
the set P(z) := arg max, g F'(z,y), assumed to be nonempty.

e A first order oracle, which associates to any (x,y) € RP x R” first order informa-
tion about F' in the form of its Clarke subgradient, 0°F.

For most locally Lipschitz functions F', the Clarke subgradient, 0°F' [19] carries absolutely
no information about the function itself and is therefore useless from a computational
perspective [30, 16, I7]. For our purpose, we need to restrict F' to be in a subclass
which is well behaved with respect to subdifferentiation, we choose the class of path
differentiable functions, which was identified by several authors to be well behaved in
terms of subgradient differential inclusion [35] [15] 22 [13].

The purpose of this paper is to investigate asymptotic behavior of (RM]). The main results
are the following.

e When applied to a large and widespread subclass of functions F', for example semi-
algebraic functions, and more generally definable functions, Algorithm has a
minimizing behavior. For bounded sequences, the value function, f(zy), is converg-
ing and accumulation points, (Z, ), of the sequence (xy, yi )ren are equilibria which

!The maximum in is arbitrary and could be reversed into a minimum.



satisfy the optimality condition:

0 € conv{u, (u,0) € O°F(z,y), y € arg max F (T, 2)}

z€R”
j € F(z,
y € arg InglR}r{ (Z,y)

Let us stress that most objectives found in applications are definable, see [7) [12] for
discussion and examples, and [I4], T3] for a recent account in deep learning,.

e Without definability assumption, for general path-differentiable functions, the algo-
rithm may fail to have any minimizing property. We construct a Lipschitz function
F which is path-differentiable, such that all inputs = are steady states for but
not critical in any reasonable sense for f. This underlines the importance of the de-
finability assumption in the previous result and shows that Algorithm (RM)) requires
to work with proper subclasses, beyond Lipschicity and path-differentiability.

1.2 Parametric optimality and nonsmooth differential calculus

In order to analyse algorithm (RM]), we need a variational model for parametric optimality
and calculus rules providing access to first order information for f, from the knowledge
of the partial maximization oracle and the subgradient of F'. Our main candidate is the
parametric optimality formula, which was described in [31, Corollary 3.1.1] for partial
minimization, see also [32], Theorem 10.13]. Clarke subgradient is non directional, and
therefore, the formula is also valid for partial maximization. Under our setting, it ensures
that for all z € R?

O°f(x) C conv{u, (u,0) € I°F(x,y), y € P(zx)}. (PO)

The formula is in fact a result describing the subgradient of f, but we will be interested
mostly in its right hand side which will be referred to as the parametric optimality formula
(PO formula) E] Indeed, an elements given by the PO formula can be computed from
the knowledge of maximization and first order oracles mentioned above and precisely
corresponds to the search direction chosen in Algorithm (RM)).

As noted in [32, Theorem 10.13], the PO formula is sharp, it holds with equality in
the case of a concave F' (jointly in (z,y)) However in general nonconvex settings, without
further qualification assumptions, the PO formula does not hold with equalityﬂ Therefore,

2Enveloppe formula: the PO formula is very similar to the envelope formula: 9¢f(z) C conv{u €
OSF(z,y), y € P(x)}, [19, Theorem 2.8.2] where 95 denotes the subgradient for fixed y. This formula
holds with equality if F' is convex in z, see[I0, Proposition A.22][24] 2], and more generally regular [19].
This is simpler and computationally more advantageous than the PO formula. However, it very much

depends on convexity and is too coarse in general for our purposes, consider for example F(x,y) = —|z—y|,
the enveloppe formula outputs [—1, 1] for all z.

3Failure of partial optimality formula: Consider the function F: (z,y) —
maxyecr {—ymin{|z|, 1} + min{0,y}}. We have for all z € R, f(z) = maxy, F(z,y) = 0. Yet
fixing « = 0, we have F(0,y) = 0 for all y > 0, all such y being partial minimizers. However

([~v,y],0) € 9°F(0,y) for any y > 0. This shows that any s € R is compatible with the PO formula
at © = 0, yet the corresponding Clarke subgradient is only the singleton {0}, which coincides with the
classical derivative.



the PO formula does not necessarily provide a subgradient, this constitutes the main
difficulty in analyzing Algorithm (RM). We choose to use conservativity, a notion of
generalized derivative which was recently introduced as a nonsmooth analysis tool which
is compatible with differential calculus [13]. Most importantly, conservative fields may
be used in place of subgradients for first order optimization [18], 13, 14], making them a
natural candidate for algorithmic oracles in our context. With this in mind, the proposed
analysis of Algorithm boils down to the central question:

For a path-differentiable F', does the PO formula define a conservative field for f?

The answer to this question is negative in general, we provide a counterexample. However
for definable functions the answer turns out to be positive. The proof of the latter result
relies on a characterization of definable conservative fields based only on definable paths,
which is of independent interest. In the context of conservativity, the definable case plays
a special role as it is widepread in applications [I3], 14] and a many further properties
are available [14] 29 23]. The reader unfamiliar with definability may consider instead
semialgebraicity, which is a special case, a function being semialgebraic when its graph
can be represented as the finite union of solution sets of polynomial systems involving
finitely many equalities and inequalities. Section |3| exposes basic definitions and more
details regarding definability.

1.3 Applications of the main results

Min-max problems arise in machine learning applications with Generative Adversarial
Networks (GANs) [27, [6], adversarial training of deep networks [34) 28], and further
applications [I] bolstering reasearch on algorithms for min-max problems, see for example
[37] for a ridge-type method. Most of these problems amount to solve nonsmooth min-max
problems, with non convex or concave definable objectives, based on first order methods
and algorithmic differentiation oracles. Our results describe a notion of equilibrium for
such problem as well as an algorithm to reach such equilibria, under assumptions which
are general enough to encompass most machine learning applications [14].

Our main results are actually stated in terms of conservative fields, a notion which has
been shown to be compatible with the rules of differential calculus, contrary to the notion
of subgradient [I3]. Beyond min-max problems, the fact that the PO formula defines a
conservative field can be used in compositional modeling, in combination with algorith-
mic differentiation. This is in close connection with emerging extensions of deep neural
networks which include optimization problems within their formulation, some of the net-
work layers being defined as partial maxima or minima [B, 2, ©9]. Conservativity of the
PO formula provides theoretical ground to develop algorithmic differentiation tools for
compositional problems involving such max structured functions.



2 Presentation of the main results

2.1 Technical preliminary

For any integer p € N, we use the following notations. We denote by (-, -) be the canonical
Euclidean scalar product on R? and ||-|| its associated norm. A locally Lipschitz continuous
function, f: RP — R is differentiable almost everywhere by Rademacher’s theorem, see
for example [20]. Denote by R C RP, the full measure set where f is differentiable, then
the Clarke subgradient [19] of f is given for any x € R?, by

0°f(x) = conv {v € RP, Jy, k—> x with y, € R, vy = V f(ys) k—> U} .
—00 —00

A set valued map D: RP = R? is a function from RP to the set of subsets of R?. The
graph of D is given by

graph D = {(z,z) : x € R?, z € D(z)} .

D is said to have closed graph or to be graph closed if graph D is closed as a subset of RP*9,
An equivalent characterization is that for any converging sequences (2x) ey (Vk)pey IR
RP, with v, € D(xy) for all k € N, we have

lim v, € D(lim xy).

k—o0 k—o0
D is said to be locally bounded if for each compact K C RP, there is M > 0 such that
|lv]| < M for all v € D(z) for all z € K. An absolutely continuous curve is a continuous
function z: R — R? which admits a derivative & for Lebesgue almost all ¢ € R, (in which
case & is Lebesgue measurable), and z(t) — x(0) is the Lebesgue integral of & between 0
and ¢t for all t € R.

These elements allow to define the notion conservativity of set valued mappings [13].

Definition 1 (Conservative fields) Let D: RP = RP be a set valued map with closed
graph, non empty and locally bounded values and f: RP — R a locally Lipschitz function.
Then f is a potential for D if for all x € RP, all v: [0,1] — RP, absolutely continuous
with v(0) = 0 and (1) = z, and all measurable functions, v: [0,1] — RP, such that
v(t) € D(v(t)) for all t € ]0,1],

f@) = f0)+ / (i), o(t) dt. 2)

We shall also say that D is a conservative field for f or simply a conservative field. Such
functions f are called path differentiable.

The result of [13], Corollary 1] ensures that for a path differentiable f, 0°f is a conservative
field.



2.2 Characterization of definable conservative mappings

Our main convergence result holds under definability assumptions, we start by showing
that conservativity admits a simpler characterization in this context. From now on we
fix an o-minimal structure (for example semialgebraic sets, see Section |3| for more details
on definability), all definable objects we shall consider are implicitly definable in this
structure.

Definition 2 (Definably conservative field) Let D: RP = RP be a set valued field
with closed graph, non empty and locally bounded values. Assuming in addition that D
is definable, D 1s called definably conservative if equation holds only for definable C*
loops v and definable selections v.

Following Definition [2, it is obvious that a definable conservative field is definably con-
servative since definable C! loops are absolutely continuous and definable selections are
measurable. The following result provides a converse, a slightly more general proof is
found in Section Bl

Theorem 1 Let D: RP = RP be definably conservative, then D is conservative.

Remark 1 It is of primary importance in Definition [3, that the definable loops and de-
finable set valued mapping D, are definable in the same o-minimal structure. For example
consider the set E, the graph of the exponential function in R?. By a theorem of Wilkie
[39], there exists an o-minimal structure which contains all semi-algebraic sets and such
that E is definable in this structure, call it Wilkie’s structure. Consider D: R? = R? to be
{0} outside of E and the unit Fuclidean ball on E, it has a closed graph, it is bounded with
nonempty values and definable in Wilkie’s structure. Consider any differentiable semial-
gebraic loop v: [0,1] — R2. Since E is a the graph of an analytic function, but is not
a semialgebraic set, the intersection of v and E must contain only finitely many points.
Hence v and D satisfy formula , but D 1is obviously not conservative as it does not
satisfy the integral formula along any nontrivial absolutely continuous path which image
is in . Hence the importance of having a unique fixed o-minimal structure throughout
the manuscript.

This result shows that definable conservativity is equivalent to conservativity in the de-
finable world. Its proof is based on an equivalent characterization of conservativity in this
context, variational stratification [11], 13]. The restriction to definable loops and selection
in Definition [2| opens the possibility to use all results of o-minimal geometry [25, 20] in
order to prove that a given field is conservative. This can be in particular useful to prove
conservativity of the PO formula.

2.3 Definable parametric optimality formula

Taking advantage of the strong rigidity of definable objects, we obtain the following result,
which proof is stated in Section [3.5]



Theorem 2 Let F': RP x R" — R be locally Lipschitz and definable. Set

f:RP—R
F .
T = max F(z, y)
where the argmax is assumed to be locally bounded, call it P(x) C R". Set

Dj: R? = R
x — conv {u, Jy € P(x), (u,0) € O°F(z,y)},

then Dy is conservarive for f.

This result is the consequence of the more general Theorem [7] stated in Example [T, The
result is in fact stated for more general conservative fields than the Clarke subgdradient,
which opens the possibility to use objects defined through other calculus rules in place
of subgradients, for example, outputs of algorithmic differentiation [I3] 14]. This result
implies that the PO formula can be used as a first order optimization oracle in the definable
world, as illustrated in the next section.

2.4 Algorithmic consequences

Getting back to the initial problem

min max F'(z, y)
TzERP yeR”

where F': R? x R" — R is locally Lipschitz and, in addition, definable. Assume that the
mapping v = P(x) = arg maxyep- F(z,y) is nonempty and locally bounded (or take a
locally bounded subset). Consider the ridge algorithm, set zy € RP and iterate for £k € N

F
Y € argmax F(zy, y)

(Uk, 0) S aCF(l’hyk)
Tp41 = T — QU

Assume that (ag)gen is a non summable squence of positive step sizes tending to zero.
Assume that (xy)gen is bounded. Then F'(zy, yx) converges, and all accumulation points
(Z,9) of (vg, yr)ken are PO critical points for f such that

0 € conv{u, (u,0) € 0°F(z,y), y € arg max F(z,z)} (3)
zeR"

_ Pz

y € argmax (Z,y)

The result follows by noticing that for all k, u, € Dg(x)) where Dy is a convex valued
conservative field for f as described in Theorem . Indeed condition (3)) can be equivalently
read as 0 € Dys(x). Note that using [I3, Corollary 1], condition is an optimality
condition as it has to be satisfied by local minima of f.



Convex valued conservative fields can be used in place of subgradients in first order
method, while allowing to deploy the general method of [§], see [I3] for convergence
analysis. More precisely, the convergence result follows by combining Theorem 3.6, Re-
mark 1.5(ii) and Proposition 3.27 of [§] with null deterministic perturbation term, the
Morse-Sard condition being obtained in [13, Theorem 5] since Dy is also definable.

Remark 2 The same result holds mutatis mutandis with a definable conservative field D
in place of O°F, for example one obtained by algorithmic differentiation [153]. Similarly
manimization and mazximization could be interchanged arbitrarily, modulo changes in the
step sign.

Remark 3 The convex hull in is necessary, for example setting F(x,y) = xy —
2|ly] — 1], we have f(xr) = max, F(x,y) = |z| for all x € [-1,1]. In this case, the
algorithm reduces to subgradient descent and the convex hull is necessary to obtain a valid
optimality condition at 0.

2.5 Failure of parametric optimality formula in general

It was already shown that the PO formula does not necessarily provide elements of the
subdifferential (see footnote® on page . Yet the failure only occurred at the origin which
does not prevent the PO formula to provide a conservative field for the value function f.
The following result shows that this is not the case in general, its proof is given in Section

[l
Theorem 3 There exists a Lipschitz path differentiable function g: R?> — R such that

e for all x € [0, 1], maxyeg g(x,y) = x and the mazimum is attained on [0, 1].
o forallxz €[0,1], 0 € {v, (v,0) € O°(x,y), y € argmaxyecr g(z,v)}

e for countably many v € [0,1], argmaxyer g(z,y) is a pair, for the rest it is a sin-
gleton.

The preceding result shows that the PO formula does not provide a conservative field as
the value function is the identity on R, but the formula may result in the constant 0,
which is not compatible with the integration constraint in Definition [I} It is also obvious
that the ridge algorithm applied to minimization of f: x — maxyc(,1) 9(x,y) based
on the PO formula may get stuck at any initialization point z € [0, 1] since they are all
steady states of the algorithm . This illustrates the fact that failure of conservativity
entails in this case failure for first order algorithms based on the PO formula. Obviously
the function g given in Theorem [3|is not definable in any structure as otherwise Theorem

would apply.



3 Definably conservative fields and parametric opti-
mality formula

The result described in Theorem (I} is actually proved for conservative mappings, which
generalize conservative fields in a similar way as jacobians generalize gradients. We start
with an extension of Definition |1 to this setting and make the necessary technical connec-
tions with the work of [I3], in particular the chain rule along absolutely continuous curves
and the variational stratification. These preliminaries, although not explicitly stated this
way in [I3] are direct consequences of [I3] and given here for completeness. We then
proceed to the proof of the main result of this section: definably conservative mappings
are conservative.

3.1 Conservative mappings

The following defines conservativity for matrix set valued functions using vanishing cir-
culation, as suggested in [I3], it is equivalent to [I3, Definition 4].

Definition 3 (Conservative mappings) Let J: RP = R™*? be a set valued map with
closed graph, non empty and locally bounded values. Then J is a conservative mapping,

if for all x € RP, all v: [0,1] — RP, absolutely continuous with v(0) = (1), and all
measurable functions, V': [0, 1] — R™*P such that V (t) € J(v(t)) for all t € [0, 1],

/O Vi = o. (4)

If in addition, J is definable, then J is called definably conservative if holds only for
definable C* loops v and definable selections V.

The following Lemma is a useful alternative characterization of conservativity through an
operational chain rule corresponding to [I3], Definition 4].

Lemma 1 Let J: RP = R™*P, be a graph closed locally bounded non empty valued map.
Then the following are equivalent

(i) There exists G: RP — R™, locally Lipschitz such that for any ~y: [0,1] — RP abso-
lutely continuous, for almost all t € [0, 1]

%G(fy(t)) = MA(t), VM e J(y(1).

(i1) J is a conservative mapping as stated in Definition @

In the situation of Lemma (1] (i), we will say that J is a conservative mapping for G, in
which case GG is defined up to constants using line integrals.

10



3.2 O-minimal structures

Important references on this topic are [20, 25]. An o-minimal structure on (R, +,-) is a
collection of sets O = (O,)pen Where each O, is itself a family of subsets of R?, such that
for each p € N:

(i) O, is stable by complementation, finite union, finite intersection and contains R?.
(ii) if A belongs to O,, then both A x R and R x A belong to O,41;

(iii) if m : RP** — RP is the canonical projection onto R? then, for any A € O,,1, the
set m(A) belongs to O,;

(iv) O, contains the family of real algebraic subsets of RP, that is, every set of the form

{r e R"| g(x) = 0}
where g : R? — R is a polynomial function;

(v) the elements of O; are exactly the finite unions of intervals.

A subset of R?” which belongs to an o-minimal structure O is said to be definable in O.
A function is definable in O whenever its graph is definable in O. A set valued mapping
(or a function) is said to be definable in O whenever its graph is definable in O. The
terminology tame refers to definability in an o-minimal structure without specifying which
structure. From now on we fix an o-minimal structure O, definable sets being implicitly
definable in O.

The simplest o-minimal structure is given by the class of real semialgebraic objects. Recall
that a set A C RP is called semialgebraic if it is a finite union of sets of the form

ﬂ{:z: eR? | gi(z) <0, hy(x) =0}

where the functions g;, h; : RP — R are real polynomial functions and k£ > 1. The key
tool to show that these sets form an o-minimal structure is Tarski-Seidenberg principle
which ensures that (iii) holds true. As detailed in [20] this result can be expressed in the
following way.

Proposition 1 (Quantifier elimination) Any first order formula (quantification on

variables only) involving polynomials, equalities and inequalities, with definable functions
and definable sets describes a definable set.

3.3 Variational Stratification

The notion of Variational Stratification was first exposed in [I3] and found an interest-
ing application to conservativity [I3]. The tangent space at a point x of a differentiable

11



manifold M is denoted by T, M{l Given a submanifold M of a finite dimensional Rieman-
nian manifold, it is endowed by the Riemanninan structure inherited from the ambient
space. Given G: R? — R™ and M C RP a differentiable submanifold on which G is
differentiable, we denote by Jacy; G its Riemannian jacobian or even, when no confusion
is possible, JacG.

A CF stratification of a (sub)manifold M (of RP) is a partition S = (My,..., M,,) of M
into C* manifolds having the property that cl M; N M; # () implies that M; is entirely
contained in the boundary of M; whenever ¢ # j. Assume that a function G : M — R™
is given and that M is stratified into manifolds on which G is differentiable. For x in M,
we denote by M, the strata containing z and we simply write Jac G(z) for the jacobian
of G with respect to M,.

Stratifications can have many properties, we refer to [25] and references therein for an
account on this question and in particular for more on the idea of a Whitney stratification.
The definition is as follows: a C"-stratification & = (M;);e; of a manifold M has the
Whitney-(a) property, if for each x € clM; N M; (with ¢ # j) and for each sequence
(xk)ken C M; we have:

lm z, =2
k—o00

k—o00
where the second limit is to be understood in the Grassmanian, i.e., “directional”, sense.
In the sequel we shall use the term Whitney stratification to refer to a C'-stratification
with the Whitney-(a) property. The following can be found for example in [25] 4.8].

Theorem 4 (Whitney stratification) Let Ay, ..., Ay be definable subsets of R, then
there exists a definable Whitney stratification (M;);c; compatible with Ay, ..., A, i.e. such
that for each i € I, there ist € {1,...k}, such that M; C A;.

For the rest of this section, £ denotes an arbitrary positive integer.

Definition 4 (Variational stratification [I1]) Let G: R? — R™, be locally Lipschitz
continuous, let J: R? == R™*P be a set valued map and let » > 1. We say that the
couple (G, J) has a C* variational stratification if there exists a C* Whitney stratification
S = (M;);er of RP, such that G is C* on each stratum and for all z € RP,

J(x)Projy,, (@) = {JacG(2)}, (5)
where Jac G(z) is the jacobian of G restricted to the active strata M, containing .
Theorem 5 (Characterization of conservativity) Let .J: RP = R"™*P be a definable,

nonempty, locally bounded, graph closed set valued mapping and G: RP — R be a definable
locally Lipschitz function. Then the following are equivalent

4We only consider embedded manifolds and submanifolds

12



e J is conservative for G.

o (G,J) admit a C* variational stratification.

For the reverse implication, J and G need not to be definable.

Proof : This result is essentially known and we point out the arguments for completeness.
First, J is conservative for G if and only if, the projection of each row of J is conservative
for the corresponding coordinate of G, this is Lemma 3 and 4 in [I3] in combination with
Lemma [If above. Hence we may reason coordinatewise.

For the direct implication, it results from [I3, Theorem 4] that each coordinate of G; and
the corresponding line of J, J; admit a variational projection formula ([I3, Definition 5])
for each i = 1, ..., m, this corresponds to the variational formula introduced in [T1], which
is limited to the univariate case. The variational projection formula is stable by consid-
ering submanifolds and hence is stable when refining a given stratification. Hence thanks
to Theorem [4, we may find a common Whitney stratification such that the projection
formula holds for each coordinate GG; of G and the corresponding row J; of J. This results
in the formula given in Definition [}

For the reverse implication, similarly as above, the variational stratification in Definition
implies the projection formula of [13, Definition 5] for each coordinate of G with the
corresponding line of J;. By [I3] Theorem 3] (see also [22] which states the result for
the Clarke subgradient), each row of J is conservative for the corresponding coordinate
of G which implies that .J is conservative for G' by [13, Lemma 4]. This does not require
definability. O

3.4 Definably conservative mappings

We start with a preliminary lemma which will then be applied recursively toward a proof
of a variational stratification property from which Theorem (I will follow.

Lemma 2 Let J: RP = R™*P, be a definably conservative mapping. Let G: x — fol V(y(t))A(t)dt
for any C* definable v: [0,1] — RP with v(0) = 0 and (1) = x and any definable se-

lection V' as in Definition [{ Then there exists a finite number of definable open sets
Ui,...,Uy in RP such that UY.cl(U;) = RP, G is continuously differentiable on each set

and J = {Jg}, the jacobian of G, on each set.

Proof : Note that it is not known a priori if G is definable and therefore the results
of [I3] does not directly applies. Denote by R the set where J is single valued, this
set is definable by Proposition [I| and we are going to show that its complement has
empty interior. Toward a contradiction, suppose that the complement of R has nonempty
interior. Then, definable choice [25], 4.5] ensures that there exists two definable selections
Vi, and V5 such that V; # V5 on a small open ball B. Let v be a unit norm definable
selection in Im(V; — V5)T, which exists thanks to [25 4.5]. Since v, V1, V2 are definable,
we may stratify using [25], 4.8] so that v, V1, V2 can be assumed to be Lipschitz continuous
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on B (reducing and translating B if necessary). Call r the radius of B and assume without
loss of generality that it is centered at 0. Consider the solution to

) =v((@),  7(0)=0.

7 is C'!' and stays in a neighborhood of 0 for smalls values of ¢, let’s say that ||y(¢)|| < r/2
for all ¢ € [0, a] for a certain « > 0. Let 0 < € < r/2 be arbitrary and fix 7, a C'! definable
path with 4(0) = 0 such that

Dnax max {[|y(t) = 3, 1Y) =7 @} <e,
take for example a polynomial approximation of 4" and its integral, using Weierstrass
approximation Theorem. Since 7 is a C! definable arc which remains in B by construction,
for almost all ¢ around 0, we have using Lemma [I]

d

S F0®) =V (0))((y(#)) + ult) = Va(31))(v(v(t)) + u(t))

where u(t) := 7/(t) — v(y(t)) for all t. By construction, we have ||u(t)|| < e for all t. We
can let ¢ — 0 along a sequence of such approximations 7, and using continuity of V; and
V4, we obtain for almost all ¢,

Vi(y(0)v((1)) = Va(y(1))v(7(t))

and therefore (Vi(y(t)) — Va(y(¢))v(v(t)) = 0, for all ¢ by continuity of v, Vi, Vs and ~.
Since v(y(t)) € ITm(Vy(y(t)) — Va(y(t))", this shows that v(y(t)) = 0 for all ¢ around 0.
This is contradictory with the fact that v has unit norm.

This shows that the complement of R has empty interior. By stratification, using Theorem
[ there exists Uy, ..., Uy strata of maximal dimension such that the complement of R
does not intersect any U;, i = 1,..., N, and UN,cl(U;) = RP.

By graph closedness and local boundedness, J can be identified with a continuous function
on each U;. Let x € U; for some i, there is a small ball around x such that J is continuous
on the ball. By the definition of G, for any v € R? and ¢ > 0 such that x + tv remains in
this ball,

F(x +tv) — F(x)
t

1
= / J (z + stv) vds
0

1 t
:—/ J (x4 sv) vds.
t Jo

Letting ¢ — 0, we have

lim G(z +tv) — G(x) — J(x)

t—0,t>0 t

where the limit is by continuity of J at z. This formula allows to identify the partial
derivatives at x of each of the m coordinate components of G with entries of J(z). Since
these are continuous at z, GG is differentiable at z, and since x € U; was arbitrary and J
is continuous on each U;, G is C! on each U; with jacobian J. O
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Theorem 6 Let J: RP == R™P be a definably conservative mapping. Let G: RP — R
be defined as in Lemmal[d. Then (G,J) admits a C* variational stratification: (M;)ics a
definable Whitney stratification of RP such that G is C* on each stratum with

J(@)Q(x) = {Ja(2)},

where Q(z) is the matriz representing orthogonal projection to the tangent space of the
active stratum M (x) at x, seen as a subspace of RP.

Proof : We shall prove that (G, J) has a C! variational stratification. The C* variational
stratification follows by definability and the existence of C* stratification of G using [25,
4.8], which allows to refine a potential C'* stratification to obtain differentiability up to
order k.

Let M be a connected definable C! submanifold embedded in R? which is also a con-
nected C* cell (see [25, 4.2]). Since M is a connected C' cell, there is a definable C*
diffeomorphism 6: M +— RI™M " gee for example [20, Section 6.2]. Set ¢: RU™M s Af
such that ¢ = 6!, Consider now

G: R¥™M s R™
T G(o(x))

j: RdimM — RmxdimM
= J(o(x))Js(x)

For any definable C! path ~: [0,1] — RY™M ¢ o~ is definable and so (G, J) satisfy the
hypotheses of Lemma [2] since by Lemmal [T}, for almost all ¢

d -~ d ~

3 F0W) = ZF(@on(t) = J(@ov(1)(@ o) (t) = J(¢or(t)Js(r(8))1(t) = J(v(1))¥(1),

and 7 was an arbitrary C! definable path.

Hence there exists U; ... Uy open in RE™M guch that the union of their closure is equal
the whole RE™M and on each set U;, J is single valued and G is C' with J = {Jz}.
Fori=1...N, set U; = QS(UZ) we have that the union of their relative closure is M:
UN el (U;) = M. Furthermore, F = F o# is differentiable on each Uy, relative to M, and

{Jr(2)} = {Jp(0(x) Jo@) } = J(x)Js(0(x)) Jo ().

We remark that J4(0(z))Jy(z) is the projection on the tangent space of M at = so that
each line of J has a single valued projection on the tangent space of M on each U;.

Since M was arbitrary, we may start with M = R? and proceed by induction on the
dimension by applying Lemma [2| with the above reasoning. We have a C'! variational
projection on a dense set of strata (cells) of dimension p. We may obtain a Whitney
stratification, compatible with this set, so that the projection formula does not hold only
on a finite union of strata (cells) of dimension at most p — 1 [25, 4.8]. Each stratum M,
being a C' embedded submanifold as well as a C* cell and we may repeat the process
recursively until the dimension of the set where the projection formula does not hold is
zero, i.e. a finite set of points, to obtain the desired Whitney stratification. O

15



The following corollary combines Theorems [5] and [6] Theorem [I] is a special case for
m = 1.

Corollary 1 Let J: R? = R™*P be a definably conservative mapping, then J is a con-
servative mapping.

3.5 Application to PO formula

This section describe how Corollary [1| can be used to prove that the PO formula provides
a conservative field in the definable world. We start with a slightly more general result
which generalizes the finite selection process described in [I4] from the discrete to the
continuous setting.

Theorem 7 Let F': RPXR" — R be locally Lipschitz, D a definable conservative mapping
for F and P: RP = RP be a definable set valued field, with closed graph nonempty locally
bounded values, such that for all x € RP and y € P(x), there exists u € RP such that
(u,0) € D(z,y) and y — F(z,y) is constant on P(x). We set

frx— F(z,P(x)).
We have that f is continuous, set
Dy:avs {u, Iy € P(a), (u,0) € D(x,y)}.

Then Dy is conservative for f.

Proof : One can check that Dy is definable thanks to Proposition [I] Furthermore, it has
closed graph and is locally bounded with nonempty values. Hence, by Theorem [I| and
Lemma [T}, we only have to prove a chain rule along definable C' curves.

Let t — z(t) € R? be a C'! definable path we will obtain definable selections of interest
thanks to [25] 4.5], and draw conclusions thanks to Lemma |8 which asserts that definable
set valued fields have countable dense definable selections.

Let t — y(t) € R? be a definable selection in ¢t — P(z(t)) and let ¢ — T'(t) = (u(t), v(t))
be a definable selection in t = D(z(t), y(t)). Definable curves are piecewise continuously
differentiable. Hence the functions ¢ — f(z(t)) = F(x(t),y(t)), t — x(t) and ¢t — y(t) are
differentiable everywhere except at finitely many points, call them ¢y,...,t;;. Bounded
definable curves have left and right limits everywhere, we have for ¢ = 2,... M that
t — y(t) is continuous on (¢;_1,t;) and can be extended to an absolutely continuous path
on [t;_1,t;]. Hence we can use the fact that D is conservative for F', which yields using
graph closedness of P and continuity of F', for i =2,... M

fx(ts) = fa(tin) = Fla(t:), limy(t)) — F(z(tia), lim y(1))

t1t; i1

=[_iinammmﬁ: :Wﬂﬁwm+@®w®Mt

=ti—1 dt t=t;—1
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Finally, by removing the set of discontinuity points of y, we obtain for almost all ¢.
d d . .
S Hat)) = SR, 9(0) = (#0),u(e) + (0, 0(0)

Since T was an arbitrary definable selection of t = D(xz(t), y(t)), which admits a countable
dense sequence of definable selectors thanks to Lemma [§, we have for almost all ¢

%f(l’(t)) = (&), u) + (y(t),v),  V(u,v) € D(x(t),y(t)).

By the hypotheses, for each u € Dy(x), one can choose v = 0 and hence for almost all ¢
d
af(a:(t)) = (Z(t), u) Vu such that (u,0) € D(z(t),y(t)).

Note that y is an arbitrary definable selector in t — P(z(t)). By Lemma[9] there is a count-
able family of such selectors (y;);en, such that for all t, D¢(z(t)) = cl{u, 3i € N, (u,0) € D(z(t),y:(t))}.
This implies that for almost all ¢

%f(g;(t)) — (#(t),u)  Yu€ Dy(a(t)).

Hence, we have a chain rule along definable arcs which is the desired result. Indeed,
repeating the proof of direct implication in Lemma [1| for definable arcs, we have that Dy
is definably conservative and hence conservative thanks to Theorem [l| and admits f as a
potential. 0

This result can be applied to partial maximization as the following example shows. It
could also be applied to partial minimization or differentiation of more general critical
values such as local minima or local maxima (under suitable assumptions). The following
example is a repetition of Theorem [2] which is based on Theorem [7}

Example 1 (Partial maximization) Let F': RP X R" — R be definable locally Lipschitz
and D: RPY" = RPY" be definable and conservative for F. Set

fiRP >R

F
z - max F(z, y),

where the argmax is assumed to be nonempty and locally bounded, call it P(z) C R". P
has a closed graph, set

Dy RP = RP
x +— conv {u, Jy € P(z), (u,0) € D(z,y)},

then Dy is conservative for f. Indeed, Dy has nonempty values by [32, Example 10.12]
so D and P comply with Theorem[7.

4 Failure of parametric optimality formula

This section is dedicated to the construction of the function g in Theorem [3] We start
with the construction of a fractal set C' and then describe the counterexample which will
be based on the distance functions to C'.
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Figure 1: The fractal construction in Section @] We start with the closed unit square
in black. It is split into four copies of size one fourth the original square. This process
is repeated recursively on each square ad infinitum. The additional red lines represent
projection of these sets on rotated axes. Considering C;, i € N, the set obtained after ¢
steps (Cy is the original square), we have C;; C C; for all 7, we let the limiting set to be
C' = N;enCj, which is closed. The projection of C' on each axes are full segments. Fur-
thermore, in the limit, both projections on rotated axes are Cantor sets of zero measure.

4.1 A fractal set

Let C be the fractal set which construction is described in Figure [Il The construction
of C' is similar to the one described in [38] to provide a counterexample to Morse-Sard
theorem. This construction was also used in [30] to provide a subgradient sequence on a
path differentiable function which fails to have dissipative and minimizing properties.

The set is defined as C' = NM;enC;, where for each i € N, C; is the union of 4 squares
of size 1/4'. Furthermore, these sets form a nested decreasing sequence for the inclusion
partial order. The set C' has the following properties.

e (' is closed as an intersection of closed sets, hence it is compact.

e The projection of C' on each axis are full segments [0, 1] x {0} and {0} x [0, 1], we
denote them by proj,(C) and proj,(C). Indeed, since we have a nested sequence
proj,(C) = Nienproj,(C;) = Nien[0, 1] = [0, 1].

e In particular, C' is nonempty.

e The projection on each axis rotated clockwise by an angle of arctan(2) is a Cantor set
of zero measure (see Figure . Indeed, at each step there is a constant proportion of
each segment which is removed from the projection, this is the simplest construction
of Cantor sets.

18



e Foreachi > 1, there is a finite number of « € [0, 1] for which the vertical line starting
at x intersects C; at two distinct squares, call this set X;. We have X; C X;,; and
for each z € [0,1], * ¢ X;, the intersection of the vertical line at x and C; is at
a single square. Set X = U;enX;, X is denumerable and for each x € X, the the
vertical line starting at x intersects C' at two distinct points, for all other x € [0, 1]
this intersection is a singleton.

e Let f: R +— R be a function such that for somei € N, (z, f(z)) € C; for all x € [0, 1],
then the total variation of f is at least 7. Hence if f satisfies this property for all 7,
that is (z, f(x)) € C for all x € [0, 1], then f has infinite total variation.

4.2 Construction and proof of the counterexample

Consider the following Lipschitz function

f:R*—=R
z — —dist (2,0).

Set O =R?\ C, O is open and we have for all z € O

f(z) = —min ||z — ¢f| = max [}z — .
Each function f,: z — —||z — ¢|| is C* on O and both f. and Vf. are jointly continuous
with respect to z and ¢ on O x C. This shows that f is lower C'! on O [32], Definition 10.29)].
Hence we have that f is subdifferentially regular on O [32) Theorem 10.31]. Combining
with Lemma Bl we have

Lemma 3 f is path differentiable.

Proof : We will prove that 0°f satisfies the chain rule along absolutely continuous curves
[22,13], since f is Lipschitz, this is sufficient to conclude, see also Lemmall] Let y: [0,1] —
R? and R C [0, 1] the full measure set where v and f o~y are differentiable, we will show
that v satisfies the chain rule for almost all ¢ € R which is sufficient to conclude. We set

E={tcR () ¢C}
We also consider E C F with

EZ{tEE max | (0, 3(0) — % f((1))

ved“f(v(t))

Fix t € E arbitrary, since t € E, choosing a small enough, we have by continuity of -,
Y[t —a,t+a))NC =0 and ([t — a,t +a]) C O. Since f is lower C' on O, by [32,
Theorem 10.31], f is subdifferentially regular in a neighborhood of v([t—a, t+a]) C O. We
may apply [22, Lemma 5.4] which shows that f satisfies the chain rule along the curve 7
restricted to the closed segment I = [t—a, t+al, in other words [t—a, t+a]NE has measure
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Figure 2: Same construction as in Figure[I] except that we keep the whole product set, the
red line representing the projections on rotated axes and the black squares representing
their products. In the limit, we obtain the same set C' as in Figure [1] since the distance
between the set represented here and those of Figure (1] goes to zero.

zero. The segment can be taken of arbitrarily small length, therefore, such intervals form
a Vitali covering set (see for example [33, Section 6.2]). By the Vitali covering theorem
[33, Section 6.2] for any € > 0, there is a finite collection of such segments I, ..., Ix such
that F \ UX_ I, has (outer) measure at most e which shows that £ has (outer) measure
arbitrary small and therefore has measure zero.

Now set

Ey={te R, () €C, +(t) #0}
Ey={te R, ~(t) e C,~(t)=0}.

We have R = E U E; U E,, we have shown that the chain rule holds for almost all ¢ in
E, Lemma [6] ensures that F; has zero measure and the chain rule holds trivially for all
t € E5 because f is Lipschitz. This shows that the chain rule holds for almost all t € R
and the conclusion follows. O

Now, we should characterize the subdifferential of f, which directly relates to the normal
cone to C. We will use the notion of normal cone as described in [32, Definition 6.3]. As
depicted in Figure [2] it turns out that C' is actually a product of Cantor set which are
closed and have empty interior. Using Lemma [7| we obtain by [32, Proposition 6.41] that
the normal cone to C' is R? everywhere on C. We deduce the following.

Lemma 4 For all z € C, 0°f(2) = B, where B is the unit ball.

Proof : As shown in Figure , C'is contained in a product of cantor sets, C. Actually C
is equal to a product of Cantor sets. Indeed, as detailed in Figure [2] the distance between
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the sets constructed in Figure [1| and those of Figure [2| decreases to 0, so that limiting
intersections are the same. By [32, Proposition 6.41] and using Lemma , Ng = R?
everywhere on C' hence on C. The result follows from [32, Example 8.53] using the
fact that the Clarke subgradient is the convex closure of the limiting subgradient and it
commutes with multiplication by scalars. U

For the function g in Theorem [3, one could take for example g: (z,y) — 2f(z,y) +
which satisfies all the required properties

e Since the projection of C' on z is [0,1] (Section [4.1]), we have maxyejo.1) 9(,y) = .

e Since for all but countably many x, the intersection of C' with the vertical line at x
is a singleton (Section [4.1)), for such z, the argmax is unique, for the others it is a
pair.

e The sum rule holds for f, so for every « € [0,1] and y € arg max,cpo1 9(z,y), we
have (z,y) € C'so 9°f(z,y) = 2B, by Lemmal] By sum rule, 9°g(z,y) = 2B+(1,0)
so that

{v, (1,0) € &glz,y). y € arg max g(x,w} — 12
yE[O,l]

which contains 0.

4.3 Need for a better behaved subclass

In the definition of the function g, the fractal nature of the construction makes the argmin
mapping, P: R? = R", although almost everywhere a singleton, highly non regular. In
this example, it is not even of bounded variation in the sense that it is not possible to ob-
tain bounded variation selections in P, a fortiori not absolutely continuous. This explains
why conservativity is destroyed, the connection between g, F' and its value function f,
through P in the PO formula takes place outside of the absolutely continuous world and
hence outside of the conservative world which is built on absolutely continuous paths.

Therefore additional restrictions on the function F' have to be enforced if one wants a
calculus rules for the PO formula which preserves conservativity. An intuitive direction,
is to ensure that the argmax mapping admits selections which are absolutely continuous,
or close to absolute continuity, in order to apply and use the definition of conservativity
in Definition [} There would be potentially many possible such classes, in Section we
focus on one of them, definable functions [25] 20], for which we have access to definable
selections which are piecewise differentiable, which is close enough to absolute continuity
for our purpose.

5 Lemmas and proofs

Proof of Lemma (1} The fact that (i) implies (ii) is direct by integration. Indeed, G o~y
is absolutely continuous. For any 7: [0, 1] — RP absolutely continuous, with v(0) = (1),
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and measurable selection V' as in the statement of the Lemma,

1 1
) d
| vy = [ Leawi = cam) - 6ao) o
where the first inequality uses (i) and the fact that V(y(¢)) € J(t) for all ¢ and the second
is absolute continuity of G o .

For the reverse implication, fix € RP, an absolutely continuous path v: [0,1] — RP,
~v(0) = 0, (1) = = and a measurable selection V': R? +— RP such that for all z € R?,
V € J(z). We define

By (ii), the value of G' does not depend on the choice of v and on the measurable selection
V. Furthermore, we have by Lebesgue differentiation theorem, for almost all ¢ € [0, 1],

d

S F0®) =V()i() (6)

Now since J is nonempty compact valued, from [3, corollary 18.15], there exists a sequence
(Vi):ien of measurable selectors such that for all ¢ € [0, 1]

J(v(t)) = H{Vi(y(t)) tien- (7)
The result follows by combining @ and . O

The following Lemma is essentially a repetition of [30, Lemma 16] which we reproduce
here for completeness.

Lemma 5 Let C C R? be a closed set which projections on the x and y azes have measure
zero respectively. Then for any Lipschitz curve, 7v: R — R2?, the set

E={teR,y(t) e C}\{t eR,+(t) =0}

has measure zero.

Proof : Write 71, 72 the coordinates of v and Py, P, the projection of C' on the z and y
axes respectively, by hypothesis they have measure zero. Set B C R the set where 7/ is
either not defined or well defined and different from zero. We have £ = ~v7'(C) N B.

Set A; C B and Ay C B the sets where ] # 0 and 74 # 0 respectively. Set A3 C B the
zero measure set where 7 is not defined. We have that, A; U Ay U A3 = B.

Consider an enumeration of intervals (/;);eny of the form [p;,q;], with p;,¢; € Q and
pj < gq; for 7 € N. Fix j € Nand i = 1,2 and consider the following function on I;

f; t— min s.
s€lj,vi(s)=ni(t)
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The set valued function ¢t = {s € I;, vi(s) = 7:(t)} has closed graph and nonempty com-
pact values on I; and hence f; is measurable by [3, Theorems 18.19 and 18.20]. Set

Q. ={telt=fit)}NnAn~y"(P).

@’ is measurable and ; is injective on Q’ by construction and 7(Q%) C B .

Using the injectivity of v; on Qé- and a change of variable formula [26, Theorem 3.8], we
have for any 7 € Nand ¢ =1, 2,

0< |%f(t)|dt:/ 1dt§/ 1dt = 0
Q} 7i(Q%) by

3

Since the first integrand is strictly positive, this means that Q; has measure zero.

Now consider ¢ € 7; *(P;)NA4;, this means that there exists p € P; such that t € v; *(p)N4;.
Since t € A; this means that 7;(¢f) # 0 and so there exists an interval I; containing ¢,
such that {t} = {s € I;,7i(s) = 7:(t)}. This shows that ¢t € Q% and since t was arbitrary,
we have that v, '(P) N A; = UjENQé and hence v; '(P;) N A4; has zero measure as the
countable union of zero measure sets.

We have
E=~"C)YNB=~7"1C)N (A UAyU A3)
C NP N H(Py) N (AU Ay U Ag)
C (1 (P)NA)U (3 (P2) NA) U As.
All three sets on the left hand side have zero measures so E has zero measure. O

Lemma 6 The result of Lemma @ holds for any absolutely continuous curve v: [0, 1]
R2.

Proof : From [4, Lemma 1.1.4], v admits a Lipschitz reparametrization. That is, there
exists an increasing absolutely continuous function s: R — R with Lipschitz inverse ¢ and
a Lipschitz curve 4, such that

Y=ot

. [edl
19 os = (8)
L+ v

where the second identity holds almost everywhere. Lemma [0] holds true for 4. We have
for all s using and the fact that ¢ is the inverse of s,

7(s) € C, [17'11(s) # 0
e (ts) € C 17l o s(t(s)) # 0
e q(ts) € O I (H(s))I # 0.

Therefore, we have

t({s, (s) € C, [¥lI(s) # 0}) = {t, 7(t) € C, [ ()| # 0}
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The set {s, 4(s) € C, ||¥||(s) # 0} has measure zero by Lemma [6| because 4 is Lipschitz.
The Lebesgue measure of the image of a zero measure set by a Lipschitz map is zero, and,
since t is Lipschitz, the right hand side has measure zero. This is the desired result. [

Lemma 7 Let C C R be a closed set with empty interior. Then for allz € C', No(x) = R.

Proof : Denote by f the distance function to C'. f is 1-Lipschitz and hence differentiable
almost everywhere. Furthermore, f(x) = 0 if and only if x € C since C' is closed. Fix
x € C and construct a sequence (zx)ren as follows, choose ¢, = 1/(k + 1) for k € N,

o If (x,2 4 €) NC = (), then 2, = x and we have that 1 € N¢(xy).

e Otherwise choose z, € (z,7 4+ ¢;) N C and y, = argmaxyel,.,) f(y) where the
maximum is positive by closedness of C' and the fact that C' has empty interior. y;
has a projection on the left and on the right on C' (otherwise it cannot be in the
argmax). Choose z to be the projection on the left. We have that 1 € N (),
T S T S T + €.

In all cases we have x; — x and 1 € N¢(zg) which shows that 1 € Ng(z). Similarly
one could show that —1 € N¢(x) and hence Ne(z) = R since it is a cone. Since z was
arbitrary in C, this proves the desired result. 0

Lemma 8 Let J: RP +— R™, be a definable compact valued map with nonempty values.
Then there ezists a sequence of definable selectors (V;);en for J such that for all x € RP

J(z) = cl{Vi(z) }ien-

Proof : Let V; be any definable selection of J, such a Vj exists by [25, 4.5]. Set by
recursion, for ¢ = 2,..., V; a definable selection of

di t( qV, 151>_
7 = arg jng dist (v AV ()}

which is definable. By a simple covering argument, using compacity, for all

lim max dist <U, {VJ(-T)};;) =0,

1—ooveJ(x)

which shows that the constructed sequence has the desired property. 0

Lemma 9 Using the notations of Theorem [7, there is a sequence of definable selectors,
(Yi)ien such that for all i € N, and all x € R?, y;(x) € P(x) and

Df('r) = {u7 Jy € P(x)a (’LL,O) € D(:B7y)} =cl {u> (u> 0) € D(;E,yl(x))}
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Proof : Note that Dy has compact values and is definable by Proposition[I} Using Lemma
we have a definable sequence (u;);en of selections in Dy such that Dy(x) = cl{u;() }ien.
By definability, for ¢ € N using [25], 4.5], we can choose a definable sequence (y;);en such
that for all z € R?,

yi(x) € P(x)
(ui(),0) € D(, y;(x)).

We have for all z € RP

lim max dist (u, {a, (1,0) € D(x,yj(x))}i_1> < lim max dist (u, {uj(x)};:l) =0,

i—oo ueDy(x) =) = iseo u€Dy(x)

which shows that the constructed sequence has the desired property.

0
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