IMS Collections

From Probability to Statistics and Back: High-Dimensional Models and Processes
Vol. 9 (2013) 5-19

© Institute of Mathematical Statistics, 2013

DOI: 10.1214/12-IMSCOLL902

Mechanical models in nonparametric
regression
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This note is devoted to an extrapolation of a solid-mechanic motif from nonparamet-
ric regression (or, as it is often referred to, smoothing) and numerical interpolation,
a theme originating in the exposition of spline-based methods. The attention is
turned to the fact that a mechanical analogy, akin to that from elasticity theory for
quadratic spline penalties, can be elucidated in plasticity theory for certain penal-
ties of different type. It is this—in the (slightly altered) words of a referee, “what
would happen if the metaphor underlying splines were replaced by a metaphor of
plastic energy”—what is the objective of what follows; everything else, in particular
discussion of the origins of (certain types of) splines, or an exhaustive bibliograph-
ical account, is outside our scope.

To give an idea what mechanical analogies we have in mind, let us start by
the quote from the Oxford English Dictionary, referencing (univariate) “draftsman
spline” as “a flexible strip of wood or hard rubber used by draftsmen in laying out
broad sweeping curves”. Bivariate case brings more sophistication: the designation
“thin-plate spline” is regularly explained by a story about the deformation of an
elastic flat thin plate—see page 139 of Green and Silverman [12] or page 108 of Small
[31]: if the plate is deformed to the shape of the function ef, and € is small, then
the bending energy is (up to the first order) proportional to the smoothing penalty.
While it is questionable how much of scientific utility such trivia may carry—for
some discussion, see Bookstein [3], Dryden and Mardia [7], Wahba [35], Green
and Silverman [12], and the references there—their mere existence may provoke
inquiring minds. While a curious individual may pick up the “physics” of the elastic
parable pretty much from the standard textbooks (either of engineering [34] or
theoretical flavor [21]), comprehension of the pertinent plastic parallel is much more
perplexing; even if the topic is perhaps not unknown to the specialized literature, the
latter may be quite impenetrable for a person with standard statistical education.
Fortunately, with a little help from his friend (the first author of this note—a
theoretical physicist, albeit with principal interests in gravitation and cosmology),
the second author was not only able to arrive to certain joy of cognition, but also to
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a practical outcome: the elucidated mechanical model hinted Koenker and Mizera
[17] where to look for relevant algorithmic solutions for their problems.

Given the available space and the anticipated general level of the interest, we
limit ourselves here merely to an overview of the relevant physical facts and their
implications in nonparametric regression. The somewhat nonstandard (but perhaps
unsurprising for an expert in solid mechanic) derivations are for an interested reader
conveniently summarized in Balek [2].

1. Regularization in nonparametric regression

Let us start by the formulation of the data-analytic problem. Regularization, or “the
roughness penalty approach” seeks a nonparametric regression fit, f, via minimizing

(1) Lz, f)+ J(f) C)—>mfin!

The usual formulation features AJ(f) instead of J(f), to facilitate the tuning of
the influence of J through A > 0. As this aspect will not be essential here, A can
be considered as a part of .J, if needed be.

The first part of the minimized function, L, represents a certain lack-of-fit, “loss”
function. It depends on the components, z;, of the response vector z; and also on the
fitted function, f, but only through its values at predictor points u;. An example is

- 2
L(z, f) =Y (2 — f(u)".

i=1

Another, somewhat artificial example may be conceived to express numerical in-
terpolation as a special case of (1) : L(z, f) = 0 when all z; = f(u;), otherwise
L(z, f) = 4o00. This makes the formulation equivalent to

(2) J(f) mfin! subject to z; = f(u;).

The second part of the minimized function, J, is traditionally referred to as
the penalty. It is responsible for the shape of f , the characteristic form of the
minimizing f. Indeed: divide the process of solving (1) into two stages; in the
first stage determine the fitted values, f (u;); the second stage then amounts to
solving (2) with z; replaced by f (u;)—as the objective in (1) then depends only on
J(f)-

2. Penalty as deformation energy

A typical penalty intending to make the resulting fit smooth is designed to control
some derivative(s) of its argument; in the univariate case, the typical expression is

) széuwwfm:ém%%x

—hereafter, we will omit functional arguments in the penalty expressions as indi-
cated by the rightmost part of (3), the convention that will save us considerable
amount of space.

The square in the penalty (3) implies that the sign of the derivative is not
essential, only its magnitude; the preference of square to, say, absolute value may
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be dictated by reasons of computational convenience. The presence of an integral
signifies that the penalty expresses a summary behavior of the derivative. For now,
we postpone the discussion of the aspects of the domain of integration (2.

It may be not entirely clear which order of derivative, k, is to be chosen, and
there are in fact almost no guidelines to this end. One of the existing ones is to
look at the limiting behavior at zero: it suggests that the fits are shrunk toward f
with J(f) = 0. That is, toward constants if kK = 1, toward linear functions if k¥ = 2,
toward quadratic if k£ = 3.

The physical model singles out k = 2, yielding the celebrated cubic spline penalty

(4) J(f) = /Q (") da.

This model envisions the graph of f on € as a solid body deformed from the initial
relazed, zero energy configuration f = 0, and considers the energy of this deforma-
tion, the work that had to be done to transform f from the relaxed configuration
to the present one. It is then attempted to identify this energy with (some) J(f); if
the deformation was caused by the action of external forces at points u;, resulting
in a configuration of f satisfying z; = f(u;), then the interpolation problem (2)
can be interpreted as a physical variational principle stipulating that the resulting
shape is the one with minimal energy, achieved with minimal effort.

And indeed, if the deformation is elastic—which means that when the forces
are lifted, then f resumes back its relaxed configuration—then the cubic spline
penalty (4) is equal to the first-order approximation of the energy of this deforma-
tion, approaching the true value under certain limiting conditions.

However, if the deformation is irreversible, plastic, then under similar conditions
the first-order approximation of the deformation energy leads to a penalty

(5) 1= [ 15z =\ f,
Q

the total variation of f’ on €. This is the penalty used by Koenker, Ng and Port-
noy [19] in their proposal for “quantile smoothing splines” and further cultivated
by He, Ng and Portnoy [14] (the equality of the integral to the total variation is
the Vitali theorem, in its classical version restricted to absolutely continuous func-
tions; full generality an be achieved by viewing derivatives in the sense of Schwartz
distributions). The penalty (5) is a member, for k& = 2, of the family analogous
to (3),

(6) I = [ 1501 =/ 1,
Q

considered by Mammen and van de Geer [22], Koenker and Mizera [17, 18], and
others.

The bivariate case brings more possibilities, but the overall picture is similar:
elastic deformation energy involves square, or squared norm; plastic energy absolute
value, or norm. While the elastic case is well known, the connection of total variation
penalties to deformation energy in plasticity may not be that obvious and the
relevant variational principles seem not to be available in the existing physical or
engineering literature on plasticity theory. As the latter are to an extent analogous
to those in elasticity, we start by the review of the latter.
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3. Elastic deformation

The notion central in the calculation of deformation energy is stress. It is defined
as the distribution of the internal tension forces caused by the external forces; for
instance, the simplest case of a beam fastened at one end and subject to the action
of an aligned load at the other end exhibits (a scalar) stress, o, which is the ratio
of this load and the area of the cross section of the beam (Figure 1).

The relationship of stress to deformation is called constitutive equation. It can
be used to obtain the expression of the deformation energy, J(f), the latter being
defined as the work done by the stress in the course of the deformation; its lo-
cal characteristic, (deformation) energy density (the increment of the deformation
energy per infinitesimal volume), can be thus obtained via integration involving
locally described stress and deformation.

In the beam example above, the deformation is characterized by the relative
dilation, A, the ratio of the length increase of the extended beam to the length of
the original beam. The energy density is then the integral of o over all values § of
the relative dilation ranging from 0 to A. If the constitutive equation is the Hooke
law, § = 0/E, then 0 = EJ, and the energy density is EA%/2. (The constant E is
called Young’s modulus of elasticity.) The deformation energy is then obtained by
integrating this density over the whole body—that is, here by multiplying by its
volume.

The applicability of the Hooke law in the beam example is restricted to the
situations when load does not exceed certain critical value—we have defined elastic
deformations as the reversible ones. The Hooke law then states that deformation is
proportional to stress; the relation between stress and deformation is thus linear—
if the stress is small (the principle of small causes yielding linear responses; we
disregard here a short transitory region of stresses when the deformation is still
reversible but the constitutive equation becomes nonlinear).

4. Smoothing with elastic penalties

The physical model for the univariate nonparametric regression is that of a solid
rod, whose shape (more precisely, the shape of its axis, if the width is not neglected)
is given by f. The Hooke law is applied to the stretching of layers of the rod (the
upper ones are stretched, the lower compressed); while the mean dilation is zero,
the mean squared dilation is not, and the geometry of the problem suggests that the

Fic 1. The beam example (left), illustrating the law of Hooke (right; in fact, no authenticated
Hooke’s likeness survives, a situation attributed by Arnol’d [1] to certain Newton’s efforts).
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latter is proportional to the square of the curvature of the rod axis—which can be
for small deformations approximated by (f”)2. The energy density is proportional
to the dilation squared and its integration over the cross section of the rod and
subsequently over the length yields the equality of the total deformation energy to
(4), up to a multiplicative constant that can be made 1 by the choice of units.

In the bivariate case, the role of the rod is taken on by a plate. The additional
feature that needs to be taken into account now is that stretching typically causes
squeezing in the perpendicular direction; the size of this effect is measured by
an important characteristic of materials, the Poisson constant (ratio) v. If v =
0, there is no lateral squeezing, and the bending of the plate can be viewed as
univariate stretching/squeezing in the directions of principal axes, the directions
of the eigenvectors of the Hessian H. Denoting the corresponding eigenvalues by
h1, ha, we obtain the deformation energy as the integral of tr H? = h? + h32; it yields
the celebrated thin-plate spline penalty (the subscripts indicate partial derivatives)

(7) J(f) = / (2, 422, + 12) dz dy,

see Green and Silverman [12], Wahba [35]. If v is nonzero, then the stress acting
in one principal direction affects the curvature also in the other one, resulting in
the additional contribution to the energy amounting to 2v times the integral of
det H = hiho = foufyy — zQy The deformation energy is then

(8) J(f) = / (2 + 20— )12+ f2 + 20 funfyy) da dy.

An alternative way to arrive to this expression is via rotational invariance argu-
ments, in the spirit of Landau and Lifshitz [21]: the fact that a physical law for
an isotropic body should not depend on a coordinate system implies that the in-
tegrand of (8) should be an orthogonally invariant function of H; if the energy is
presumed to be a quadratic function, such invariants are only tr H? and det H. The
assumptions here are that the plate is thin (its thickness being much smaller than
the characteristic scale of deformation) and its stretching is negligible compared to
bending—more precisely, no stretching forces are applied at the edge of the plate,
and the bending of the plate is small (the deflection being much smaller than the
thickness of the plate).

A substance with the Poisson constant v close to 0 is cork—indeed it exhibits
almost no lateral expansion under compression. For typical materials, the values
of v are between 0.3 and 0.4; for instance, steel has 0.30, copper 0.34, gold 0.42.
Materials with v < 0, expanding when stretched, were discovered only recently [20].

In the smoothing context, we are interested in instances of (8) that promise
simple numerical treatment. One such instance is (7); another, for v = 1, is the
squared Laplacian penalty

(9) J(f) = /Q (Fra + fy)? der dy = /Q (Af)? dedy,

which can be traced in the works of O’Sullivan [25], Duchamp and Stuetzle [8], Ram-
say [26], and others. It could be also nicknamed “the penalty of Sophie Germain”,
because it emerged in her first attempt to win the prize of the French Academy
of Sciences (in a contest initiated by Napoleon). While the condition —1 < v <1
follows by the simple requirement of positive definitess of (8) (ensuring that the
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deformation energy works well in physical variational principles and the smoothing
penalty yields a convex optimization problem), a three-dimensional analysis shows
that v must not exceed 1/2. Hence the value v = 1 is “unphysical”’. Another
distinctive value, v = —1 yields a penalty

(10) J(f) = /Q ((Foa — Fu)? + 4F2,) dardy.

which seems not yet encountered in a smoothing context. Neither do the instances
of (8) with general v, from the optimization point of view convex combinations of
penalties (7), (9), and (10).

To get a better understanding of these penalties, it is instructive to solve the
simplest problem in this setting, a circular plate lifted at the center. Let us suppose
that the plate is fixed at the radius 1, that is, f is equal to 0 at the boundary of
the unit disk, and the center of the plate is lifted to 1, that is, f is equal to 1 at the
origin. Strictly speaking, this is not a problem corresponding to point interpolation
(or nonparametric regression)—but can be thought of as an idealization of such,
when f interpolates 1 at origin and 0 at many points scattered in some uniform
manner along the boundary. Mostly important, however: this problem can often
be solved in a closed form, at least partially (and then finished by a numerical
method). A first exercise of this kind was worked out for elastic, simply-supported
plates by Poisson in 1829.

Consider first the integration domain to be the unit disc with radius R = 1.
The symmetry of the variational problem implies that f(z,y) = w(r), where r =
(2% +y?)/2. For elastic penalties (8), we obtain after changing to polar coordinates

1 w2
(11) J(f) = 27r/ (rwfr + =+ QVwaT> dr.
0 T

One can now find w minimizing (11), subject to boundary conditions w(0) = 1
and w(1) = 0, numerically; for elastic penalties, it is in fact possible to solve the
corresponding Euler-Lagrange equation in an analytic form, using standard tricks
developed for this type of equations; see Balek [2] for details. The solution is (see
Figure 2)

87r(1—|—u).

oy of2(1+v)
w(r)—r<7 510

1 -1 1 ) =
55y 087 >+, J(f)

A possible way to evaluate the results for various v may derive from a feel that
the shape underlying the data is something like the cone centered at the orgin;
while we desire the final solution to be smooth, we also do not want it to yield too
much to the potential rigidity of the smoothing scheme. In other words, we may
want to obtain the smooth shape, but as sharp as possible at 0. This would deter
us from v = —1, interpolating by a quadratic surface, and drive us rather to larger
v, ultimately to v = 1. However, it has to be said that shapes for various v differ
only very little, so eventually we may well choose v on the basis of computational
convenience, favoring v = 0.

1Sophie’s choice is understandable in the light of the fact that the underlying differential
equation (corrected by the supportive referee Lagrange) does not involve v. Despite being the
only contestant, she was not awarded the prize on her second attempt, due to the presence of
unsupportive members like Poisson (whose 1814 memoir on plates, elaborating on the second,
corrected version of Germain’s work, is considered to be the first step toward general elasticity
theory). Only the third attempt two years later brought her the pledged kilogram of gold.
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F1G 2. The sections of solutions (the domain of integration being the disc with radius R =1) for
v =—1,0,0.42 and also the value v =1, somewhat put forward already by Sophie Germain (left).

The recognition of the potential of elastic considerations in the interpolation and
smoothing of data dates back at least to Sobolev in 1950’s. The functional mini-
mized in the variational problem involving a penalty like (7) is quadratic: the Euler-
Lagrange equation is thus linear, the solutions have the superposition property and
form a linear space—for fixed values of covariates (x;,y;) a finite-dimensional one.
The structure of this linear space is that of a Hilbert space, which opens a pos-
sibility to construct solutions via reproducing kernels. Those were introduced in
the smoothing context by Wahba [35], and became popular in the recent statistical
machine learning literature—where they opened a whole new range of new pos-
sibilities, in which penalties are often secondary to kernels, and the properties of
the resulting solutions are inferred rather in an intuitive fashion; see, for instance,
Schélkopf and Smola [29].

From the physical point of view, the domain of integration 2 is naturally de-
termined by the solid body represented by f; consequently, it naturally comes as
bounded. In the smoothing context, the domain of integration is inessential in the
univariate case, where the same results are obtained for any {2 containing all u;. In
the bivariate case, the choice of the domain influences the solution, and thus may
become an undesirable detail—unless the smoothing domain comes naturally from
the specification of the problem, as for instance in Ramsay [27].

If we enlarge the integration domain in our radial example, for simplicity still
retaining it a disc but now with radius R > 1, the shape of the plate becomes
different. In particular, for v = 0 we have
(12) a(r) = {rQ(plogr —1)+1, i when r < 1,

—plogr + (p — 1)(7’ — 1), when 1 < r < R,

with p = (1 + (2R)72)7!, the optimal value of the penalty equal to 4wp. The
resulting shapes can be seen in the left panel of the Figure 3; the tendency with
increasing R is similar to that observed with increasing v.

The necessity to deal with the integration domain was overcome by the ideal-
ization idea of Harder and Desmarais [13], perfected by Duchon [9] and Meinguet
[24]. They demonstrated that it is possible to take 2 to be the entire R?, and sub-
sequently obtained expressions for the basic functions in closed form; this substan-
tially facilitates the application of Hilbert-space methods, and reduces the whole
problem to a system of linear equations. See also Wahba [35]. The resulting tech-
nology became a standard part of the numerical and statistical methodology—the
denomination “thin-plate spline” now assumes, as a rule, implicitly 2 = R2. Spe-
cial adjectives are added rather otherwise: for example, Green and Silverman [12]
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Fic 3. Elastic and plastic penalties on enlarged domains. Left panel shows the sections of solutions
forv =0, and R = 1,1.8, 400. Right panel shows the sections of the solution of the interpolation
problem for the plastic penalty with kK = 0, on a disc with radius R equal to 1,1.375,1.660,1.715.

speak about “finite-window thin-plate splines” in case when  is bounded. They
motivate their interest in such a variant by the desire to achieve better behavior
near the boundary of the data cloud (which may be unduly influenced by adopting
the unbounded domain).

In the radial example, the thin-plate spline solution is obtained by letting R —
+00, making p — 1 in (12). This yields

. r?(logr — 1)+ 1, whenr <1,
w(r) =
—logr, when r > 1,
with the optimal penalty 47. Note that the solution inside the unit disc is equal to
that with v = 1 and R = 1; however, it can be shown (via the Green theorem) that
the solution, as whole, does not depend on v in this case (returning in this case
somewhat to the perspective of Sophie Germain).

5. Plastic penalties

As already mentioned, the difference between elasticity and plasticity is reversibility
—here understood in its apparent, macroscopic? expression: if the body returns to
its original configuration, the deformation is elastic; if it does not, then it is (at
least partially) plastic.

To identify our position within existing plasticity theories, we need to invoke
several notions, pretty much exclusively for the sake of this paragraph. Typically,
increasing the forces applied to a body first causes an elastic deformation—unless
we face an instance of rather idealized behavior, “rigid plasticity” —until a critical
value called yield limit is reached, marking the transition to the subsequent plastic
behavior. A theory describing the plastic regime in its initial stages, in a manner
analogous to elasticity theory, is known as the deformation theory of plasticity.
It relates stress to the deformation in a way that views plasticity as a kind of
nonlinear elasticity. The version of this theory for “perfectly plastic rigid-plastic
bodies” provides a physical model for certain alternative penalties in nonparametric

20n the microscopic level, the irreversibility originates in the motion of dislocations in the crys-
tallic latice of the body (see Landau and Lifschitz [22]), which is not related to the irreversibility
of thermodynamic processes described by Bolzmann’s H-theorem, but is rather a consequence of
the fact that the energy of the material contains many local minima close to each other; in any
case, this aspect is irrelevant for what we are pursuing here.
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regression. “Perfect plasticity” refers here to an idealized behavior characterized
by the absence of so-called hardening, the necessity to increase stress to produce
further plastic deformations. The deformation theory can be extended to capture
the latter phenomenon, but its principal shortcoming is its lack of explanation for
irreversibility—this motivated other theories of plasticity, in particular incremental,
or flow plasticity theory; see Kachanov [16]. All simplifications notwithstanding, the
deformation theory of perfect rigid plasticity is extensively employed in engineering,
as the basis of so-called limit analysis—the study of limit loads when plasticity
takes over (and the subsequent deformations). Simply put, the deformation theory
is capable to tell us when structures like roofs and bridges are prone to collapse.

As an illustration, consider again the beam with aligned load. If we increase the
stress, the beam extends according to the law § = o/E; however, after the stress
reaches the yield limit £, the beam extends further with the stress staying un-
changed. Then, after the beam has been stretched long enough, we need to increase
the stress again in order that the dilation increases. The three stages described here
are respectively elastic deformation, yielding and hardening. “Rigid plastic” are the
idealized materials that skip the first stage; “perfectly plastic” are those that skip
the third one. Note that in addition to the constitutive equation § = o/E, for a
perfectly plastic beam we have also the constitutive inequality o < &£, which must
be satisfied when the beam is in equilibrium.

For a rigid-plastic beam, the calculation of deformation energy is even simpler
than for an elastic beam. By integrating the stress £ over the values of § ranging
from 0 to A we find that the deformation energy is EA. If the load acts in the
opposite direction, so that the beam is compressed and the relative dilation is
negative, the energy density is —E£A. Thus, the general expression for the energy
density is £|A|. Consider now a rigid-plastic rod that is neither entirely stretched
nor compressed, but bent. Again, as in an elastic rod, the layers on one side of the
central surface are stretched and the layers on the other side of the central surface
are compressed, so that the mean dilation is zero; however, the mean magnitude
of the dilation is nonzero, and from the geometry of the problem it follows that it
is proportional to the magnitude of the curvature of the beam, or |f”| for small
deflections. In this way we find that the deformation energy of the rod is given by
(5).

The principal concept we will work with from now on, the cornerstone of the
deformation theory, is the yield criterion. In two dimensions, it is represented by
an orthogonal-similarity-invariant norm || - || on 2x2 symmetric matrices. The fact
that any such norm can be fully characterized in terms of eigenvalues leads to
its two-dimensional representation via the so-called yield surface—which visualizes
(Figure 4), in the space of eigenvalues, the constitutive inequality

(13) M| < p;

here M is the moment matrix (related to stress) and p is a threshold value: the
plate is deformed elastically or remains flat if ||M|| < p, and may be deformed
plastically if | M| = p. The constitutive equation is subsequently obtained from
the postulate that the Hessian, H, is proportional (with negative proportionality
constant) to the gradient of || M||. Consistently with the general concept of duality
in the mechanics of deformable bodies, discussed in Témam [32], the ensuing plastic
deformation energy corresponding to (13) is

(14) /Q |, d dy,
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Fic 4. Various yield criteria. Left: the Tresca hexagon can be seen inscribed in the von Mises
(right) ellipse; the dotted line represents the square yield criterion.

where || - ||« is the norm dual (conjugate) to || - ||; see Collatz [5]. The expression
(14) can be obtained in a similar way as (8) for the elastic deformation energy,
introducing a yield surface in the plane of principal stresses rather than in the
plane of principal moments, and formulating the constitutive equation in terms of
relative dilations rather than in terms of Hessian matrix. We omit the details, only
point out that (14) for a plate is a natural generalization of (5) for a rod.

The yield criterion (the norm and the yield limit ) characterize plastic prop-
erties of a particular material. This begets—in contrast to the elasticity theory,
where the material is described by a single number, the Poisson ration v—much
more variety, as witnessed in the engineering literature by the abundance of yield
criteria targeted to capture specific virtues of various substances. One of the first,
dating back to 1868, is due to Henri Tresca (a mechanical engineer involved in the
design of the modern international meter standard). Richard von Mises, following
an abandoned 1863 idea of Maxwell, proposed the elliptic criterion that carries his
name (sometimes also that of Maximilian Huber, who published some preliminary
ideas in his article in Polish). While the original intention was to simplify the anal-
ysis, it turned out that the new criterion performed even better when confronted
with experimental data.

Another example of a yield criterion, with a particularly simple mathematical
expression, is the square criterion, deemed good for concrete plates; see Mansfield
[23]. Tt corresponds to the ¢*° norm and its dual to the ¢! norm (see Figure 4).
In our context, an interesting family of yield criteria is that proposed by Yang
[37], with an objective to achieve better description of materials like marble and
sandstone. It is parametrized by a dimensionless parameter « € [0,1/2] (a “plastic
Poisson constant”) and gives similar expressions for deformation energy as in the
elastic case,

(15) J(f):/ﬂ\/fgw—i—Q(l—n) 2 b 2+ 26 fanfyy dady.

The family contains the von Mises yield criterion for x = 1/2; from nonparametric
regression perspective, it can inspire a family of “plastic” penalties, using not only
“physical” x, but all those satisfying —1 < x < 1, the requirement ensuring the
convexity of the penalty. See Figure 6.

An inspiration in the opposite direction could be the case of the penalty proposed
for measuring bivariate roughness by the second author. The penalty amounts to the
expected univariate roughness along a randomly oriented segment: a needle of unit
length is thrown on the (z,y)-surface; a univariate roughness penalty of f(z,y)
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Fic 5. “Buffon penalty” norm (left), and the associated yield criterion (right).

evaluated for (z,y) along the needle; and the average of many such evaluations
taken. For obvious reasons, this measure of roughness was dubbed “Buffon penalty”.
The associated matrix norm in the expression (14) bears some similarity with a
spectral norm: if the matrix is interpreted as a quadratic form, then the spectral
norm returns its maximal value over vectors with unit norm, while the “Buffon
norm” returns the average value (with respect to the uniform distribution over the
unit sphere of directions). The corresponding norm and its dual are visualized in
Figure 5; the yield criterion appears to be a sort of merge between those of von
Mises and Tresca.

For plastic penalties with general norms, the solutions of the radial example, the
circular plate lifted at the center, are again radial functions and can be expressed
in terms of polar coordinates. For instance, for the family (15) we have

R
16 J(f) =27 r2w? 4 w? + 26rwepw, 1/2 dr.
( ) rr T
0

However, the optimal w have to be generally computed numerically, only certain
special cases can be solved in closed form. The integration domains are again discs
with radius R. The easiest case is R = 1 and k = 0, when w(r) = 1 —r, for 7 going
from 0 to 1. In fact, this is a special case: for any R € [1, Reyit) and any &, there is
a unique ¢ € [0,1) such that

w(r)=1—r"1 for 0 <r <1,

and these solutions can be extended to r ranging from 1 to R; we omit the details.
Unfortunately, the case R = 400, the extension of the integration domain € to the
whole R2, does not work out here as in the elastic case: starting with some critical
value Rt (which appears to be 1.765) of R (that is, not asymptotically), the
solutions degenerate: they are equal to 1 at 0 and to 0 elsewhere. The right panel of
Figure 3 clearly indicates this tendency, showing the sections with ¢ = 0.4,0.8,0.9,
corresponding approximately to R = 1.375,1.660,1.715.

Albeit the introduction of total variation penalties (6) by Koenker, Ng and Port-
noy [19] in nonparametric regression, and by Rudin, Osher and Fatemi [28] in im-
age reconstruction predated the recent interest in regularization with ¢! penalties,
it may be appealing to compare the latter, made popular by Chen, Donoho and
Saunders [4] and Tibshirani [33], to the plastic penalties discussed here. Certain
plain explanations (and new labels like “fused lasso” for total-variation regulariza-
tion [11]) are particularly inviting in the univariate case: the piecewise-linear form
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of the solutions for the penalty (5) may be interpreted as a consequence of the
tendency of the absolute value to pick up “sparse” solutions for f”. It is only the
bivariate case where the differences stand more out (although even there is a pos-
sibility to interpret the plastic penalties in the “group lasso” vein). On the other
hand, there is some analogy to sparsity aspects even there, demonstrating itself
in the nonparametric regression context as the possibility of capturing qualitative
features like spikes and edges, without oversmoothing the relevant information; see
Davies and Kovac [6] for an overview of this aspect.

In the ¢! context, however, the relevant linear spaces of solutions are no longer
Hilbert spaces; the possibility of using reproducing kernels is lost, and with it possi-
bly one potential attraction of unbounded integration domains. Even in the ¢2 con-
text, solving linear equations may not be that straightforward anymore when the
system is large—unless its matrix is sparse, exhibiting relatively only few nonzero
entries. The matrices arising in closed-form solutions obtained by reproducing ker-
nels are non-sparse—and there does not seem to be any workaround for this; see
Silverman [30], Wood [36]. A possible way out is to trade the “exact” solution for an
approximate one, but with a sparse linear system involved in its computation; which
is the case, for instance, in the finite-element implementations by Hegland, Roberts
and Altas [15], Duchamp and Stuetzle [8], Ramsay [26], and others. The algorithms
thus return back to that of boundary value problems, where the idealization of €2
to R? is not any longer a necessity.

6. Extensions and ramifications

In the final section, we would like to touch briefly some other aspects where phys-
ical analogies may or might provide some guidance. The first of them concerns
blends—convex combinations of several penalties. In the discussion of the results
of smoothing with elastic penalties for the radial example we noted that, from a
certain perspective, it may be desirable to have those fits as “sharp” as possible
at 0. As it was felt that purely elastic penalties may not sufficiently achieve this
objective, several solutions were proposed to this end.

One possibility is to use the plastic penalty, which in the radial example with
R =1 yields the “ideal” conic shape of the fit. However, its dependence on the inte-
gration domain, impossibility of an idealized extension to the unbounded domain,
and in particular, the lack of Hilbert-space methods for finding solutions, motivated
so-called thin-plate splines with tension. Recall that in our mechanic deliberations,
the thin plate was supposed only to bend, not to stretch. In a more realistic sit-
uation involving some stretching and some bending, the physical model results in
a “blended” penalty: for instance, a convex combination of (7) and the Dirichlet
penalty

(17) J(f) = / (2 + £2) de dy.

The latter coresponds in mechanics not to an elastic or plastic deformation of a
non-stretching thin plate, but instead to the deformation of a membrane: an elastic
plate where stretching is dominant. It is known that it is not possible to use (17) in
smoothing by itself—an instance of a broader phenomenon of increasing need for
derivatives in regularization penalties, related in some sense to the embedding the-
ory of functional spaces of Sobolev type, an intuitive explanation of which is given in
terms of the radial interpolation example on page 160 of Green and Silverman [12].
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F1G 6. Plastic splines vs. thin-plate splines with tension. Left: plastic penalties (15), with k =
1,1/2,0,—1/2, —1. Right: convex combinations of thin-plate spline penalty (7) with tension term
wesghted 0,0.9,0.99,0.999.

In the radial example minimizing (17), the solution degenerates—more precisely, it
does not exist. However, as can be seen in the right panel of Figure 6, adding even
a small portion of an elastic penalty acts as a regularizer, and a fair proportion of
“tension” yields more pronounced peak in the solution of the radial interpolation
(an excessive one draws it closer to the funnel-like degeneracy). Moreover, the so-
lutions in Figure 6 can be actually obtained in closed form using modified Bessel
functions, via (11) and the analogous expressions for (17); thin-plate splines with
tension proposed by Franke [10] actually provide quite accurate approximation to
this solution, especially for higher tension weights.

A possible suggestion in a similar direction is to regularize plastic by an elastic
penalty. A way that would be analogous to the approach of thin-plate splines with
tension is to consider a convex combination of a plastic and elastic penalty. The
results can be seen in the left panel of Figure 7; it turns out that the regularizing
effect (and thus a possibility of extending the whole formulation to the unbounded
domain) is achieved by a quite small proportion of the elastic penalty (in fact,
some optimization algorithms may already exhibit a similar regularization effect
spontaneously, due to the nature of the approximations involved). It may be of
interest that a similar idea of combining ¢! and ¢? penalty appeared in recently in
a different context under the name “elastic net” [38].

F1G 7. FElastoplastic penalties. Left: total-variation penalty (6) regularized via the convex combi-
nation with thin-plate spline penalty (7) weighted 0.1,0.01,0.001, on the disc with radius R = 2.3.
Right: elastoplastic penalty with « = 0 and 5 = 20,2.845,1,0.2. The dotted line in the left panel
is the result for the total-variation penalty when R = 1, which in the right panel almost coincides
with the fit for B = 2.845.
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It would be tempting to call the blended penalty “elastoplastic”; however, if
a situation—corresponding even more to reality—when there is some plastic and
some elastic behavior in bending, is approached from the physical point of view,
the object we arrive to is Hencky’s plate, the perfectly plastic elastoplastic plate
described by the deformation theory. In such bodies, a pure elastic deformation
takes place if the stresses lay inside the yield diagram, and a combined elastic and
plastic deformation possibly takes place if the stresses are placed at the surface of
the yield diagram. Furthermore, the plastic part of deformation is the same as in
rigid-plastic bodies. The leads to a family of penalties

0 = [ (R 20— 082+ Iy + 20ati )

generalizing, for ¢« = v = k, the elastic penalties (8), with ¢(u) = u?, and plastic

penalties (15), with ¢(u) = |u|, via a function ¢ known in statistics as the Huber
function, equal to u?/2 for |u| < B, and to Blu| — 32/2 otherwise; the parameter 3
is determined by the yield criterion. The results for the radial example, for + = 0
and various choices of 3, can be seen in the right panel of Figure 7.
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