Duality in RKHSs with Infinite Dimensional Outputs: Application to Robust Losses

The Supplementary Material is organized as follows. Appendix A collects the technical proofs of the core article’s results.
Appendix B provides illustrations of the main loss functions considered (e-insensitive Ridge and SVR, x-Huber) in 1 and 2
dimensions. Appendix C gathers additional details about the experimental protocols and the code furnished.

A. Technical Proofs
A.1. Proof of Theorem 3

First, notice that the primal problem
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can be rewritten
Jmin Z€ u;) thlm,

st u; =h(z;) Vi<n.

Therefore, with the notation ©w = (u;)i<, and & = («;);<n, the Lagrangian writes
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Differentiating with respect to i and using the definition of the Fenchel-Legendre transform, one gets
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together with the equality h = N Z K (-, z;)c;. The conclusion follows immediately. O
i=1
A.2. Proof of Theorem 4

As a reminder, our goal is to compute the solutions to the following problem:

heargmln — > L(h(xy),y hl3, .
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Using Theorem 3, one gets that i = & 2 K(+, @i)dy, with the (d)i<,, satisfying:

(&;)7-q € argmin ZE Z (s, K, 25)j)y, -

(i) 1€Y™ ;21 i,j=1

However, this optimization problem cannot be solved in a straightforward manner, as ) is in general infinite dimensional.
Nevertheless, it is possible to bypass this difficulty by noticing that the optimal (&;);<,, actually lie in Y™. To show this, we
decompose each coefficient as &; = af + af-, with () )i<n, (af-)ign eY" x Y. Then, noticing that nlon-null (aﬁ-)ign
necessarily increase the objective, we can conclude that the optimal (&; )<, have no components among Y, or equivalently
pertain to Y. Indeed, by virtue of Assumptions 1 and 3, it holds:
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If the inequality about £; follows directly Assumption 1, that about K(z;, z;) can be obtained by Assumption 3 as follows:
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where we have used successively Assumption 3 and the positiveness of K. So there exists {2 = [wij]lg,Kn e R™*™ such
that forall ¢ < n, &; = ), ; Wij Y- This proof technique is very similar in spirit to that of the Representer Theorem, and
yields an analogous result, the reduction of the search space to a smaller vector space, as discussed at length in the main text.
The dual optimization problem thus rewrites:

n n n
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with M the n x n x n x n tensor such that M;;; = {yg, KC(x;, z;)y)y, and M its rewriting as a n? x n? block matrix
such that its (4, ) block is the n x n matrix with elements M7 = (y;, K(a, Ts)Yt)y-

The second term is quadratic in €2, and consequently convex. As for the L;’s, they are basically rewritings of the Fenchel-
Legendre transforms ;s that ensure the computability of the problem (they only depend on K'Y, which is known).

Regarding their convexity, we know by definition that the £}’s are convex. Composing by a linear function preserving the
convexity, we know that each L; is convex with respect to €2;., and therefore with respect to 2.

Thus, we have first converted the infinite dimensional primal problem in Hx into an infinite dimensional dual problem in
Y™, which in turn is reduced to a convex optimization procedure over R™*", that only involves computable quantities.

If IC satisfies Assumption 4, the tensor M simplifies to

T
Mijkl = <yk7 (‘rla‘rj yl>y Z kt xl7xj)<yk7Atyl>y = Z[Kt)(]Zj[KtY]klu

t=1 t=1
and the problem rewrites

n 1 T
. (0. Y X YT
min ;ZILZ (Qu K) + 51 t§=1Tr(Kt QKYQT).

O

Remark 7. The second term of Problem (12) can be easily optimized. Indeed, let M be a block matrix such that

M S(zj ) = Mi(;’t) foralli,j,s,t <n. Notice that M as defined earlier satisfies this condition as a direct consequence of the
OVK symmetry property. Then it holds:
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Indeed, notice that Tr (M o® Q)) =2 wij Tr (M (4. )TQ) and use the symmetry assumption. In the particular

case of a decomposable kernel, it holds that M (+7) = KX K}/T so that
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and one recovers the gradients established in Equation (15).

A.3. Proof of Proposition 1

The proof technique is the same for all losses: first explicit the FL transforms ¢, then use simple arguments to verify
Assumptions 1 and 2. For instance, any increasing function of |« automatically satisfy the assumptions.

e Assume that ¢ is such that there is f : R — R convex, Vi < n,3z; € Y, £;(y) = f({y,z:)). Then £; : ¥ — R
writes £} (@) = sup,cy (@, y) — f({y,z)). If a is not collinear to z;, this quantity is obviously +o0. Otherwise,
assume that « = Az;. The FL transform rewrites: £;(a) = sup, At — f(t) = f*(A) = f*(£|«|/|z]). Finally,
i () = Xspan(zi) (@) + f* (i%) If a ¢ Y, then a fortiori o ¢ span(z;), so £ (¥ + at) = +oo = £ (oY) for all
(@¥,at) e Y x Y+ Forall i < n, £f satisfy Assumption 1. As for Assumption 2, if o = >, ¢iys, then Xspan(z;) (@)
only depends on the (¢;);<n Indeed, assume that z; € Y writes > b;y;. Then Xgpan(z;) () is equal to 0 if there exists

X € Rsuch that ¢; = Ab; for all j < n, and to +o0 otherwise. The second term of ¢; depending only on |, it directly
satisfies Assumption 2. This concludes the proof.

Assume that £ is such that there is f : R, — R convex increasing, with @ continuous over R, £(y) = f(|yl).
Although this loss may seem useless at the first sight since £ does not depend on y;, it should not be forgotten that the

composition with y — y — y; does not affect the validation of Assumptions 1 and 2 (see below). One has: ¢*(«) =
sup,ey {, y) — f(||ly|). Differentiating w.r.t. y, one gets: a = £yl fT(t) is

[yl
fT('ﬂf“”)m and 0*(a) = || £~ (la)—fof "' (Ja]). This

expression depending only on |«/|, Assumption 2 is automatically satisfied. Let us now investigate the monotonicity
of £* wrt. |af. Let g : Ry — R such that g(t) = tf ) = fo f’_l(t). Then ¢'(t) = f’_l(t) > 0. Indeed, as
/Ry — R, is always positive due to the monotonicity of f, so is f’ ~!. This final remark guarantees that £* is
increasing with |«|. It is then direct that £* fulfills Assumption 1.

y, which is always well define as ¢ —

continuous over R . Reverting the equality, it holds: y =

Assume that £(y) = A|y||. It holds £*(«) = xp, (). So £* is increasing w.r.t. |«: it fulfills Assumptions 1 and 2.

Assume that £(y) = x5, (y). It holds £*(a)) = A|«|. The monotonicity argument also applies.

fexl

Assume that £(y) = A||y||log(]|y|). It can be shown that £*(a) = Ae > ~!. The same argument as above applies.

Assume that £(y) = A(exp(|ly|) — 1). It can be shown that £*(a) = I{|a] = A} - <||a|| log (“;L”) + /\). Again, the

€

FL transform is an increasing function of |« /: it satisfies Assumptions 1 and 2.

Assume that £;(y) = f(y — y:), with f such that f* fulfills Assumptions I and 2. Then /;(a) = sup,cy (@, y) —
fly—w:) = f*(a) +{a,y;). If f* satisfies Assumptions 1 and 2, then so does £;. This remark is very important, as it
gives more sense to loss function based on ||y| only, since they can be applied to y — y; now.

Assume that there exists f, g satisfying Assumptions 1 and 2 such that ¢;(y) = (fOg)(y), where O denotes the
infimal convolution, i.e. (fOg)(y) = inf, f(z) + g(y — ). Standard arguments about FL transforms state that
(fOg)* = f* + g%, so that if both f and g satisfy Assumptions 1 and 2, so does f [J g. This last example allows to
deal with e-insensitive losses for instance (convolution of a loss and g, ), the Huber loss (convolution of |.|| and ||.|?),
or more generally all Moreau envelopes (convolution of a loss and 1|.[?).

O



Duality in RKHSs with Infinite Dimensional Outputs: Application to Robust Losses

A.4. Proof of Theorem 5

The proof of Theorem 5 is straightforward: since the dual space Y, is of finite dimension m, the dual variable can be
written as a linear combination of the {1);}7_, to get Problem (7).

A.5. Proof of Theorem 6
A.5.1. e-RIDGE — FROM PROBLEM (P1) TO (D1)

Applying Theorem 3 together with the Fenchel-Legendre transforms detailed in the proof of Proposition 1, a dual to the
e-Ridge regression primal problem is:

n

. 1 n 1
w5 2 laild - Z s yidy + eZ loaly + 53 5 Con Klan )y .

(O‘i)?:ley” i,j=1
1 n
min ai, | 601y + —K(xi,25) | o - Qi Yoy + o;lly.
A 3 35 (oo (= g o) = Sauwy +eSlals

By virtue of Theorem 4, we known that the optimal («;)}_; € Y™ are in Y". After the reparametrization o; = . ; Wij Y

the problem rewrites:
n

1 .
min §1&«(17(9}(’”&?) Tr (K¥Q) + Y 1/[2KYQT],,, (13)

i=1
with Q, K, KY the n x n matrices such that (i = wij, K = ﬁKX + 1, and [Ky]ij = (yi, yj>y.
Now, let K = USUT = (USY2) (USY2)" = VVT be the SVD of K, and let W = QV. Notice that K is positive

semi-definite, and can be made positive definite if necessary, so that V' is full rank, and optimizing with respect to W is
strictly equivalent to minimizing with respect to 2. With this change of variable, Problem (13) rewrites:

min  iTr (RwwT™) =T (vTW)
WeRnxn 2

(14)

with [W{lg,1 = >}, [|[Wi |2 the row-wise £5 ;1 mixed norm of matrix W. With K = AT A the SVD of K, and B such

that AT B = V, one can add the constant term %Tr(AT_lVVTA_l) = $Tr(BBT) to the objective without changing
Problem (14). One finally gets the Multi-Task Lasso problem:

1
i —|AW — B|% W1,
Wgﬂlg,{lxﬂ, 2 H ”Fro + EH H2,1

O

We also emphasize that we recover the solution to the standard Ridge regression when € = 0. Indeed, coming back to
Problem (13) and differentiating with respect to €2, one gets:

KOQOKY —KY =0 < Q=K!,
which is exactly the standard kernel Ridge regression solution, see e.g. Brouard et al. (2016b).

Furthermore, notice that when K is not identity decomposable, but only satisfies Assumption 4, then Problem (14) cannot
be factorized that easily. Nonetheless, it admits a simple resolution, as detailed in the following lines. After the 2
reparametrization, the problem writes

n T
1 1
i —Tr(QKYQ") — Tr (KYQ QKYQT]. . + — ) Tr(KXQKY QT
olmin, 5T ) =T ( )+e; [ Jii + g, 2 TRKFOKY Q)
T

3 1 T i X Y Ty T
Weknkn 2’I‘r(WW )+ 2An;Tr(Kt WEIW") =Tr (VW) + e|W|2,1,
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with KY = VVT, W = QV, f(ty = V7 IKY(VT)~L Due to the different quadratic terms, this problem cannot be
summed up as a Multi-Task Lasso like before. However, it may still be solved, e.g. by proximal gradient descent. Indeed,
the gradient of the smooth term (i.e. all but the ¢, ; mixed norm) reads

T
1 ~
W+ — Y KXWKY — 1
+Ant§:1 i . =V, (15)

while the proximal operator of the /5 ; mixed norm is

| | |
prox, . ,, (W) = [ prox. | ,(Ws) | = (1 - m>+ Wi | = BST(I|/Vi:, €)
|

Hence, even in the more involved case of an OVK satisfying only Assumption 4, we have designed an efficient algorithm to
compute the solutions to the dual problem.

A.5.2. k-HUBER — FROM PROBLEM (P2) TO (D2)

Basic manipulations give the Fenchel-Legendre transforms of the Huber loss:
* 1 5 *
(v ey =9)) (@ = (#l-1yO51-15) (@) +<@py,
* o)
= (6] y)" (@) + {5115 ) (@) +<ayi)y
1
= x8.() + 5lal3 + (o yi)y -

Following the same lines as for as for the e-Ridge regression, the dual problem writes

1 n 1 n n
min = ai, | 01y + —K(xi,x5) | oy — o, Yi )y T PN s
i 5 3 (o (0T + oK) J>y Yonmy + Suellonly

ij=1

or again after the reparametrization in 2

1 .
i STr (KQKYQT) — Tr (K'Y Q
i, o™ ( ) - x (&¥0)
s.t. A [QKYQT] <k Vi<n
The same change of variable permits to conclude. O

When K is not identity decomposable, but only satisfies Assumption 4, the problem rewrites

min 1Tr(WWT) b i Te(KFWEKYWT) —Te (VW)

WeRnxn 2 2An 4 ’
1< n,

S.t. HW1H2 <k VY

Again, the gradient term is given by Equation (15), while the projection is similar to the identity decomposable case. The
only change thus occurs in the gradient step of Algorithm 1, with a replacement by the above formula.

Notice that if  tends to infinity, the problem is unconstrained, and one also recovers the standard Ridge regression solution.

A.5.3. e-SVR - FROM PROBLEM (P3) 10O (D3)

The proof is similar to the above derivations except that the term Y, || [|3, does not appear in the dual, hence the change of
matrix K. Instead, the dual problem features both the /5 ; penalization and the ¢ , constraint. O
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A.6. Proof of Theorem 7

The proof is similar to Appendix A.5.2, with the finite representation coming from Theorem 5.

A.7. Proof of Theorem 10

In this section, we detail the derivation of constants in Figure 1.

A.7.1.e-SVR
Using that the null function is part of the vv-RKHS, it holds

A o . . 2
§HhA(S)H3-L;C < Ralhaes)) < Ru(02c) < My — ¢, oragain  [has)|re < A (My —e).

Furthermore, the reproducing property and Assumption 8 give that for any x € X and any h € H it holds
[A(@)[* = CEC2)K(,2)Fh by, < KRG 2)K(2) 7| Rl < IK(2, 2)llgp [1Bl3,. < 22 1R13,, -

Therefore, one gets that for any realization (z,y) € X x Y of (X,Y) it holds
2
U(has)(@),y) = max([ly — hacs)(@)|y —€,0) < My — e+ |hags)(@)[y < vV My — e (W AT VMY~ 6) ~

This gives M. As for C, one has

f(hA(s) (x),y) — Z(hA(S\i)(x)ay) max(|ly — hacs ( My —€0) — max(|y — hA(sv)(f) ly —€0).

If both norms are smaller than ¢, then any value of C fits. If both norms are greater than ¢, the difference reads
ly = has) (@) |y =y = hasiy(@)]y < [hais) (@) = hasiy(@)]ly-
If only one norm is greater than € (we write it only for h 4(s) as it is symmetrical), the difference may be rewritten
ly —haws) @)y — € <lly —haws)(@) |y — |y = has @)y < [haes) (@) — hasi)(@)]y-
Hence we get C' = 1.
A.7.2. e-RIDGE

Using the same reasoning as for the e-SVR, one has

2
He < \/I(My —e). (16)

2
lhais)llae <A K(My —e€) and 1745

Therefore, for any realization (z,y) € X x Y of (X,Y) it holds

) (0):0) = max(ly = i ()] = .07 < oy =+ D @)15)° < a1y 07 (1 220 2.

As for C, one has
Uhaes) (@), y) — Uhasiy(@),y) = max(ly — haes)(@)]y — €0)* — max(|y — has)(@)|y —€,0)%.
If both norms are smaller than ¢, any C' fits. If both are larger than €, using Equation (16) the difference becomes
(ly = has) @)y + ly = hasoy @)y = 2€) (ly = hacs) @)y = [y = has @)]y)

< 20ty — (1+ f) has) @) — hagsio(@ly-
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If only one norm is greater than € (again, the analysis is symmetrical), the difference may be rewritten

2
(ly — haes) @)y — €)* < (ly = hacs) @)y — |y — hasi(@)y)” < [haws) (@) — hasiy(@)]3,
< ([ha) @)y + [hasi)@)]y) [has) (@) = hasiy @)y,

W2
2(My — G)WH’M(S) () = hasiy(@)]y-
In every case C = 2(My — €) (1 + vv/2/+/A) works, hence the conclusion.

A.7.3. k-HUBER

Using the same techniques, one gets

o

2K K 2K K
has e <47 (My=5)  and  Ihasolue <4/ 5 (My = 5),

and for any realization (z,y) € X x Y of (X,Y)

If both norms are greater than , the difference £(h(s)(2),y) — £(ha(s)(7),y) writes

KR KR
w (Ihas @) = yly = 5 ) = (Ihas @ = yly = 5 ) < Kllhae) @) = hasio@)y-

If only one norm is greater than «, one may upperbound the difference using the previous writing

K 1 K K
# (I @) = yly = 5) = 3lhaeo @ =yl < & (Ihas @ —yly = 5 ) = & (Ihaeo @ —vly = 5 ) -

If both are smaller than «, the difference becomes

1 1
§HhA(S) (z) — y|\§; - §HhA(s\i)($) - ZJ||§;7
1
=3 (IPasy(@) = yly + [hasy (@) = ylly) ([Pacs)(@) = yly = [has (@) = yly)
< Klhas) (@) = hasiy(@)]lys
so that C = k.

A.8. Further Admissible Kernels for Assumption 3

In the continuation of Remark 1, we now exhibit several types of OVK that satisfy Assumption 3.

Proposition 2. The following Operator-Valued Kernels satisfy Assumption 3:

(i) Vs, t € X2, K(s,t) =Y, ki(s,t) yi @y, with k; positive semi-definite (p.s.d.) scalar kernels for all i < n.
(i) Vs,t € X2, K(s,t) =, wik(s,t)y @ui with k a p.s.d. scalar kernel and p; = 0 for all i < n.
(iii) Vs,t€ X2, K(s,t) =>, k(s,z)k(t,z;) yi @i,

(iv) ¥s,t € X2, K(s,t) =3, ; kij(s,1) (i + ;) ® (vi + ;). with k;; p.s.d. scalar kernels for all i, j < n.

(v) Vs,te X2, K(s,t) =3, 5 pij k(s,) (yi + ;) ® (yi + ), with k a p.s.d. scalar kernel and ;; = 0.

K(

(vi) Vs,te X2, s,t) = Z k(s,xi, )kt x;, x;) (vi +y;) @ (Yi + yj)-
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Proof.

(i) Forall (i, 2k)k<n € (X x V)", itholds: X5 ) (zn, K(sk, $1)zk)y = 20 2oy Ki(s,t) (zi i)y 21, Y3y, Which is
positive by the positiveness of the scalar kernels k;’s. Notice that (4¢) and (7i¢) are then particular cases of ().

(i) is an application of (4), as a kernel remains p.s.d. through positive multiplication. Observe that this kernel is separable.
(i4¢) is also a direct application of (i), kernel & : s,t — k(s,z;)k(t, x;) being indeed p.s.d. for all function k and point z;.

(iv) is proved similarly to (7). The arguments used for (¢7) and (i4¢) also makes (v) and (v#) direct applications of (iv).

Finally, notice that for (iv), (v) and (vi), any linear combination (v;y; + v;y;) ® (viy; + vjy;), with 0 < v; < 1 for all
i < n, could have been used instead of (y; + y;) ® (v + y;)- O

B. Loss Functions Illustrations

In this section, we provide illustrations of the loss functions we used to promote sparsity and robustness. This includes
e-insensitive losses (Definitions 3 and 4, Figures 9 and 10) and the x-Huber loss (Definition 5, Figure 11). First introduced
for real outputs, their formulations as infimal convolutions allows for a generalization to any Hilbert space, either of finite
dimension (as in Sangnier et al. (2017)) or not, which is the general case addressed in the present paper. The e-insensitive
loss functions promote sparsity, as reflected in the corresponding dual problems (see Theorem 6, Problems (D1) and (D3)
therein) and the empirical results (Figures 12 and 13). On the other hand, losses whose slopes asymptotically behave as
|| -] instead of || -|[3, (such as the x-Huber or the e-SVR loss) encourage robustness through a resistance to outliers. Indeed,
under such a setting, residuals of high norm contribute less to the gradient and have a minor influence on the model output.

5
—— x
el \
—— e-insensitive
4
3
3
2
2
1
1
0
0
-4 -2 0 2 4
Figure 9. Standard and e-insensitive versions of the SVR loss in 1 and 2 dimensions (e = 2).
12 — sl
. . 12
e-insensitive
10
9
8
6 6
4 3
2
0
0

—4 -2 0 2 2

Figure 10. Standard and e-insensitive versions of the square loss in 1 and 2 dimensions (e = 1.5).
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111112
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12

Huber loss

-4 -2 0 2 4

Figure 11. Standard square loss and Huber loss in 1 and 2 dimensions (x = 0.8).

C. Numerical Experiments and Code
C.1. Provided Code

The Python code used to generate the plots and tables of the article is provided. The README file in the code folder contains
instructions for quickly reproducing (part of) the plots. All implemented methods may be run on other datasets/problems.

C.2. Detailed Protocols
C.2.1. STRUCTURED PREDICTION

YEAST Dataset Description. YEAST! is a publicly available multi-label classification dataset used as a benchmark in
several structured prediction articles. We compared our approach, with the same train/test decomposition, to those presented
in Elisseeff and Weston (2002), Finley and Joachims (2008) and Belanger and McCallum (2016). The size of the training
set is 1500, the test set is of size 917. The problem consists in predicting the functional classes of a gene. The inputs are
micro-array expression data (representing the genes) of dimension p = 103. The outputs are multi-label vectors of size
d = 14 representing the possible functional classes of the genes. The average number of labels is 4.2. These 14 functional
classes correspond to the first level of a tree that structures a much bigger set of possible functional classes.

Experimental protocol: Comparison with other methods. In Figure 6, we reported the Hamming error on the test set
obtained by each method. The results obtained by SSVM and SPENS are extracted from Finley and Joachims (2008) and
Belanger and McCallum (2016). For our approach and its three variants (e-KRR, x-Huber, e-SVR), each hyper-parameter
(A, €, or k) has been selected by estimating the Mean Squared Error (MSE) through a 5-fold cross-validation computed on
the training set. We used an input Gaussian kernel with a fixed bandwidth equal to 1.

Experimental protocol: Cross-Effect of ¢ and A on sparsity and MSE. In order to measure the effect of the different
hyperparameters and study their interrelations, we have computed the 5-fold cross-validation MSE and sparsity/saturation
for several values of A and e/k. The input kernel is still Gaussian with bandwidth 1. The results are plotted in Figures 3
and 4 for the e-KRR, and in Figures 13 and 14 for the e-SVR and x-Huber. In Figure 4, we have measured sparsity through
the number of training data which are discarded, i.e. not used in the finite representation of the e-KRR model. The «-Huber
saturation is assessed in a similar fashion: it corresponds to the number of training data whose associated coefficient saturates
the norm constraint (see Theorem 6, Problem (D2) therein). Simplified versions of these graphs may be quickly reproduced
using the code attached (see README file).

Metabolite identification dataset description. We next tested our method on a harder problem: that of metabolite
identification (Brouard et al., 2016a). The goal is to predict a metabolite (small molecule) thanks to its mass spectrum.
The difficulty comes from the reduced size of the training set (n = 6974) compared to the high dimension of the outputs
(d = 7593). Input Output Kernel Regression (IOKR, see Brouard et al. (2016a;b)) with a Tanimoto-Gaussian kernel is state
of the art on this problem.

"https://www.csie.ntu.edu.tw/ cjlin/libsvmtools/datasets/
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Experimental protocol. We investigate the advantages of substituting the Ridge Regression for the e-KRR, x-Huber, and
e-SVR. Outputs are embedded in an infinite dimensional space through the use of the Tanimoto-Gaussian kernel (with
bandwidth v = 0.72). We compare the different algorithms’ performances on a set of 6974 mass spectra through the top-k
accuracies for k € {1, 10, 20}. We give the average 5-fold top-k accuracies (Table 1). The 5 folds have been chosen such
that a metabolite does not appear in two different folds (zero-shot learning setting).

C.2.2. STRUCTURED REPRESENTATION LEARNING

Dataset Description. Robust structured representation learning was tested on a drug dataset, introduced in Su et al. (2010),
and extracted from the NCI-Cancer database. This dataset features a set of molecules that are represented through a Gram
matrix of size 2303 x 2303 obtained with a Tanimoto kernel. Tanimoto kernels (see Ralaivola et al. (2005) for details) are a
common way to compare labeled graphs by means of a bag-of-sequences approach.

Experimental protocol: Robust KAE. We computed the mean 5-fold cross-validation Mean Squared Error. The first layer
uses a linear kernel. But since inputs (and outputs) are kernelized — only the 2303 x 2303 Gram matrix is provided for
learning —, the first layer may also be seen as a function from the associated Tanimoto-RKHS, applied to the molecules. The
second layer uses a Gaussian kernel. The regularization parameters for the two layers have been fixed to A = le — 6, and
the inner dimension has been set to p = 200. In Figure 7 is plotted the MSE and the sparsity (discarded training data) for
several values of € in order to assess the effect of the regularization. We used an existing source code from Laforgue et al.
(2019)?, that has been adapted to our needs. The IOKR resolution part, materialized by the compute_N_L function therein,
has been replaced by the compute_Omega function of the TOKR_plus class in the attached code.

C.2.3. ROBUST FUNCTION-TO-FUNCTION REGRESSION

Dataset Description. The task at hand consists in predicting lip acceleration from electromyography (EMG) signals of the
corresponding muscle (Ramsay and Silverman, 2007). The dataset® includes 32 samples of time series obtained by recording
a subject saying “say bob again”, that are noted (z;,y;)32,. Each time series is of length 64. To assess the performance of

our method in presence of outliers, we created 4 outliers by picking randomly some (;)?_, and adding to the dataset the
samples (z;, —1.2 = y;)_;.

Experimental protocol. As the number of samples is small, one can use the Leave One Out (LOO) generalization
error as a measure of the model performance. We first used it with plain Ridge Regression (Kadri et al., 2016) to
select the best hyperparameter A. Then, we tested robustness by computing the LOO generalization error of a model
output by solving Problem (9) for various « (see Figure 8, that may also be reproduced from the attached code). For
the {1;}7"., we used the sine and cosine basis of L*([0,1]), i.e. VI < % and 6 € [0,1], ¢ (0) = V2 cos(2n10) and

Yor41(0) = +/2sin(2716). The number of basis function was set to m = 16, so that we get the first 8 cosines and sines of

the basis. The chosen associated eigenvalues are Ay; = Agj11 = —L__ We used as an input kernel the integral Laplacian

: eyl
kx(x1,22) = § exp (=7|z1(0) — z2(0)])d6.

C.3. Additional Figures

We now provide analogues to Figures 3 and 4 for the e-SVR and x-Huber. The e-Ridge graphs are first recalled. Notice that
simplified versions of these plots may be easily reproduced from the attached code.

The e-KRR (Figure 12) appears as a natural regularized version of the plain KRR. For small values of A, the regularization
effect of the € induces a smaller MSE. This phenomenon is achieved for a wide range of A and ¢, and coincides with an
important sparsity. The counterpart is that no value of € clearly allows to outperform the standard KRR for its optimal A.
The e-KRR may rather be used as an implicit regularization preventing from a cross-validation on A.

The e-SVR (Figure 13) shares analogous characteristics for the small A regime. However, it further produces predictors with
smaller MSE than the best KRR one. This furthermore coincides with a peak in the sparsity.

The x-Huber (Figure 14) has a quite different behavior. When A tends to 0, the constraint (see Problem (D2)) is vacuous
for all x, and one asymptotically recovers the standard KRR. The optimal A now changes with x, and better performances
than the KRR for the best A are regularly attained.

2github.com/plaforgue/kae
3http://www.stats.ox.ac.uk/ silverma/fdacasebook/lipemg.html


https://github.com/plaforgue/kae
http://www.stats.ox.ac.uk/~silverma/fdacasebook/lipemg.html

Duality in RKHSs with Infinite Dimensional Outputs: Application to Robust Losses

2.6

Comparison e-KRR / KRR

2.54

N
IS
s

Test MSE

2.2

2.1+

2.0

N
w
L

KRR (e=0)

10® 107 10® 10° 10% 10° 102 10!
A

Sparsity (% null components)

Sparsity w.r.t. A for different ¢ (e-KRR)

3.0

N
]
L

N
o
s

o
w
L

un
o
L

o
&
L

0.0 A

108

107

10

10

A

10

103

1072

Figure 12. MSE and Sparsity w.r.t. A for different € for the e-KRR on the YEAST dataset.
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Figure 13. MSE and Sparsity w.r.t. A for different € for the e-SVR on the YEAST dataset.
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