N
N

N

HAL

open science

Optimal Smoothing and Gaussian Processes with noisy
data under constraints

Laurence Grammont, Xavier Bay, Hassan Maatouk

» To cite this version:

Laurence Grammont, Xavier Bay, Hassan Maatouk. Optimal Smoothing and Gaussian Processes with
noisy data under constraints. 2022. hal-03625227

HAL Id: hal-03625227
https://hal.science/hal-03625227

Preprint submitted on 30 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03625227
https://hal.archives-ouvertes.fr

Noname manuscript No.
(will be inserted by the editor)

Optimal Smoothing and Gaussian Processes with
noisy data under constraints

Laurence Grammont - Hassan Maatouk -
Xavier Bay

Received: date / Accepted: date

Abstract In this paper, we extend the correspondence between Bayesian esti-
mation and optimal smoothing in a Reproducing Kernel Hilbert Space (RKHS)
adding a convex constraint on the solution. Through a sequence of approximat-
ing Hilbertian spaces and a discretized model, we prove that the Maximum A
Posteriori (MAP) of the posterior distribution is exactly the optimal constrained
smoothing function in the RKHS. This paper can be read as a generalization of
the paper [11] of Kimeldorf-Wahba where it is proved that the optimal smoothing
solution is the mean of the posterior distribution. This is also a generalization of
the paper [4] where the case of constrained optimal interpolation is treated. Here
we relax the interpolation by introducing noise effect in the data. A numerical
example is given to illustrate the theoretical result of this paper.

Keywords Correspondence - Smoothing - Inequality constraints - Reproducing
Kernel Hilbert Space - Bayesian estimation

1 Introduction

Consider X a nonempty set of R and E a Banach space of functions from X to R.
Given data (z;,y;) € X X R, the smoothing problem is to find a function % mini-
mizing

n

IUHH+*Z u(i) = i)® (1)

on an Hilbert subspace H of E whose mJectlon in F is continuous.
As Kimeldorf and Wahba explained it in [11], the term |Ju||% is the smoothness
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1 n
criterion for the solution and o Z(u(ml) — y;)? measures the disparity of u with

i=1
the data. @ is a compromise between smoothness and fidelity to the data. In [11],

the disparity of the data is measured by Z Z(u(ml) — )b (u(z;) — y;). We

i=1j=1

iy 1
choose b = —d;; with no loss of generality, to facilitate subsequent reading of
g

+oo

the paper. In [11], the authors consider |u||%; := / (Lu)?(t)dt, where L is a
— 00

linear differential operator. In that case, under conditions, the solution @ is an

L-spline.

In this paper, H is any Reproducing Kernel Hilbert Space equipped with its
associated norm. The notion of Reproducing Kernel Hilbert Space (RKHS) is
the material with which one has built a bridge from the deterministic world of
optimization to the probabilistic world of estimation. Aronszajn [1] published
the theory of reproducing kernel in 1950 and Parzen[12] published Statistical
inference on time series by Hilbert space methods in 1959. Later Schwartz [13]
extended its formalism to topological spaces. Through its covariance function,
K(z,z') = cov(U(x),U(z")), a Gaussian process (GP) U is represented by the
Hilbert space spanned by the kernel K.

The aim of Kimeldorf and Wahba in [11] is to highlight the correspondence
between the smoothing by spline and Bayesian estimation. For that purpose, they
consider a stochastic model in which the selection of the smoothing criterion cor-
responds to the specification of a prior distribution on U which is a centered GP
with covariance function K (x,z’). The disparity of the data corresponds to noisy
observations in the uncertainty framework. At points x1,...,x, the random vari-
ables

Yi = U(z:i) + &, (2)
are observed, where £ = (&;); is a centered Gaussian vector N'(0,21), where

I is the (n x n) identity matrix and o2 is the noise variance.
They prove that @ solution of the minimization of (1) is the Bayesian estimation

u(z) =E[U@)|Y1 =v1,.-.,Yn = yn], (3)
where IE denotes expectation. In other terms, it means that we look for u in the
RKHS H associated to the centered GP (U(z))zex whose covariance is K.

In both framework, one can prove that the solution of the smoothing problem
(1) or Bayesian estimation (3) is

i(x) =y (K +0%1) k@), (4)

where k(z) = (K (z1,2),..., K (zn, 7)), K is the matrix (K (z4,2;)),<; j<,, and
y=(y1,---,Un). -
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Now, consider that u is known to satisfy some additional constraints given
by uw € C where C is a closed convex set. In the present paper, we consider the
constrained smoothing problem of finding a function @, in H and C, minimizing

ulltr + 5 S (u(a) — wi)?, (5)
=1

over HN C. In [10], Theorem 3.1, Micchelli and Utreras proved that the solution
exists and is unique under certain conditions. They also give the expression of
the solution involving the projection on the convex set C, denoted by Pc, and a
nonlinear algebraic system expressed with Po and approximated usually by some
Newton type methods (see [6]). As Andersson and Elfving wrote it in their paper
[2], to transform this result into a numerical algorithm, it is necessary to compute
the orthogonal projection Pc and the difficulty lies in that calculation. Andersson
and Elfving investigated the structure of the projection operator Pc for a partic-
ular convex set C representing monotonicity constraints.

The aim of the present paper is to rewrite the constrained smoothing problem
(5) with a stochastic model so that the solution can be interpreted as a Bayesian
estimation. The difficulty is that the equivalent of the constrained optimal smooth-
ing solution is a truncated GP so that its distribution can not be expressed as a
density probability. We found out that we can overcome the difficulty through a
discretization of the constrained smoothing problem whose solution @y tends to
u. The integer N is the discretization parameter. Then we define the equivalent
finite-dimensional approximation Uy of the GP U and we prove that the approx-
imate solution 7 can be interpreted as a Bayesian estimation. This estimation
is the MAP (Maximum A Posteriori) of the posterior distribution of Uy and not
the mean like in the smoothing problem without constrained of [11].

In [4], the problem was to minimize a smoothness criterion under constraints,
interpolating strictly the observations. It was proved the MAP of the posterior
distribution tends uniformly to the optimal constrained interpolation function.
Here, relaxing the interpolation of observations through a noise effect, we obtain
the same result but its proof is completely different. It is much simpler. The main
theoretical difficulty of the interpolation case treated in [4] is that the interpo-
lation equalities are incorporated in the definition of the approximation spaces.
Surprisingly, the proof of this paper relies on classical optimization arguments.
The only think to care about is the construction of the finite-dimensional func-
tional to minimize over the right finite-dimensional Reproducing Kernel Hilbert
Space. More over, as it is less restrictive for the sample spaces than strict interpo-
lation, it carries cheaper computations.

The paper is organized as follows. Section 2 is devoted to the description of the
deterministic problem and Section 3 to its discretization. The proof of the conver-
gence of the discretized problem to the constrained optimal smoothing solution is
done in Section 4. In Section 5, we prove the correspondence between Constrained
Optimal Smoothing and Bayesian estimation on stochastic processes. Section 6
is devoted to the numerical illustration of the theoretical result. In Section 7, we
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quote practical algorithms induced by our result in the stochastic processes com-
munity. In them, assumption (H3) is not fulfilled. The proof of our convergence
result, without this assumption, is done in the appendix.

2 Framework of Constrained Optimal Smoothing

To simplify the paper, we suppose that X = [0,1] and E = C([0, 1], R) is the linear
space of real valued continuous functions on [0, 1] equipped with the supremum
norm. Let H be a RKHS of E associated to the symmetric positive definite function
K. Then, H is an Hilbertian subspace of E since

1Plle = sup, |(h, K(., 2)) | < cl[P|ar, (6)

where ¢ = sup, ¢ x K(z,2)Y? < 400. Let (x4, Yi)1<i<n be the given data. Let us
define the function J: H — R by

1
52

o= <
%

(u(w) — i)™ (7)

1

J(u) = |lullF +

n

The Constrained Optimal Smoothing (5) can be rewritten as

where C' is a closed convex set of ¥ such that
HNC 0. (H1)

It is easy to see that J is Fréchet differentiable and  lim  J(v) = +o0. More-

loll gr>+o0
over J is strongly convex: for all u,v € H and t € [0, 1],

J(tu 4 (1 —t)) < tJ(u) + (1 —t)J(v) — t(1 — t)|lu — v||F.

The problem (P) has a unique solution, denoted by .

3 Discretization of Constrained Optimal Smoothing

We propose a discretized optimization problem (Py) of (P) associated with An
a subdivision of [0, 1]

Ay @ O=to<ti <...<tny=1, (8)

such that oy = max{|ti+1 —ti|, ¢=0,...,N — 1} tends to zero as N tends to
infinity. We assume

AN C AN (H2)

and the data points x; belong to the partition for N large enough

{z1,...,zn} C AN. (H3)
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Let Hpy be the classical subspace of piecewise linear continuous functions associ-
ated to An. A basis of Hy is the so-called hat functions denoted by (¢o, ..., ¢nN).
Next, we define mn to be the classical piecewise linear interpolation projection
defined from E onto Hy by

N
VieE,  wn(f)=) f(ti)e;.
i=0

We assume that

mn(C) C C. (H4)
According to a classical approximation result
in F.
w(f) =2 f (9)

Let us define the linear evaluation operator Zy : E +— RY*1 on the nodes t; and
T, : E — R™ on the data points z;:

Vf€eE, In(f) = (f(to),...,f(tn))";

Vf€E, Tn(f) = (f(z1),..., f(zn)) " .

To lighten the notations, ¢y denotes Zn(f). Let us define the matrix of K on the
nodes as follows:
I'n = (K(ti,t5))o<ij<N- (10)

We suppose
I'y  is invertible. (H5)

As H is a RKHS associated to the kernel K, we can define a new scalar product
on Hy: for all uny,vny € Hy

(uNaUN)HN = CINI—‘ngcUN (11)
which induces a norm on Hy: Yuy € Hy

2 T -1
lunlzy = cuy I Cuy- (12)

Let us define the linear operator pn : Hy — H defined by
N
Yoy € Hy, ,DN(UN) = Z)\iK(.,ti), (13)
i=0

where A = (Xo,...,An) ", solves
FNA = Cyp -

Let us notice that py has been defined so that px o7y is the orthogonal projection
from H onto Hq,n where

Hi,n =Span{K(.,t;), j=0,...,N}. (14)

The following proposition highlights the nature of the finite-dimensional space
HNZ



6 Laurence Grammont et al.

Proposition 1 Hy is a RKHS with kernel Kn given by
N
va'e €[0,1],  Kn(2',2)= ) K(tit;)p;(x)ei(a’). (15)
i,j=0

For any hy € Hy,
Ihnlle < dlhnlay, (16)

where d is a constant independent of N.

Proof Clearly, Hy is a finite-dimensional Hilbert space. Let x be in [0, 1]. We have

N
KN(.,.%) = Z)\i@(pi S HN,

i=0
N
where \i» = Y K(ti,t;)@;(z) = (Ing(x)),, with
=0
o(x) = (po(@),...,on(2) " (17)
N
Let h := Zaigoi = aTga(x) € Hy, a:=(ao,...,ayn)' . We obtain
i=0

(h Kn (@) gy = @' Tx' (Tnvep()) = o' p(x) = h(w),
which is the reproducing property in Hy. For x € X, we have
|h(z)| = ‘(h”KN('?'r))HN‘ < ||h||HN X/ Kn(z,z),
where Ky (2, 2) = 2%, K (ti,1)01(2)65 (x). Since S0%,_q 91(2)a;(z) = 1, we

obtain

0< sup Kn(z,2) < M = max |K(z,z')|.
z€EX z,x’ € X

As ||hn|lE = ||hN||oo, the proof of the lemma is completed. O

In the following proposition, one proves that the sequence of projections mpy is
stable.
It is straightforward that for all f in E,

T e
lmn (D)l = e In'ey
Proposition 2 (Stability of ) mx is stable, i.e.
Vhe H,  |lmn(h)|lay < |Ihlla- (18)
Moreover H is characterized by
H= {h €E : sup|lnn(M)|uy < —l—oo} (19)
N

and, for all h € H, by
2 . 2
e = Jim 7 () - (20)
—+o00
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1
Proof Consider the usual orthogonal decomposition in the RKHS H: H = Ho n ®
Hl,N, with
H07N :{hEH : h(t]) =0, jZO,...,N},
Hi n = Span{K(.,t;), j=0,...,N}.
For all h € H, there exists a unique ho € Ho,n and h1 € Hy n such that h =

ho + h1. Thus,
1R l7r < IR

Additionally, every h1 € H1 n can be expressed as hi(.) = Z?’zo a; K (., t;). From
the reproducing property (K(.,t;), K(.,t:)) y = K(t:,t;), we get

N
||h1||%.1 = (h1,h1)H = Z OziajK(ti,tj) = O[TFNOA
ij=0

As hi(t;) = Z;-V:O o K (t;,t5) for i =0,...,N, we have o = Fﬁlchl and
A3 = em N TnTN en, = ch, I en,-

Since ho € Ho,n, cn, = ¢y and ||hi||5 = e I'n'en = |7 (R)||3, » which completes
the proof (18). O

The characterization (19) of H and the property (20) has been proposed by Parzen
in [12]. In [4], Theorem 3.1 p 1587, Bay, Grammont and Maatouk give a proof easy
to understand in the framework of this paper.

Proposition 3 (Isometric property of pn) For all vy € Hy, we have
T —
lon (om)ll7r = oy I oy (21)

The operator pn 1s an isometry from Hy into H, i.e.

Yoy € Hy,  llon(on)llir = llow [ Fry - (22)
For allh € H,
lox(r(h) = Bl = 0. (23)
Proof We have
N N
lpn (on)llEr = (pv (o), o (on)) e = DY e (K (o t) K (1)) g
i=0 j=0

Since (K(.,t:), K(.,t5)) gy = K(ti,t;), we obtain

N N

lon(n)llzr =Y g K (tn i tn ;) =o' I'na.
i=0 j=0

As a = I'y'cn, and 'y is symmetric, we obtain (21). We have vx = ¢, ¢(z).
According to the definition of the inner product in Hpy, we have

T
||’UN||%IN = (UNaUN)HN = CUNFNlc'UN'
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Using (21), we obtain ||pn (vn) |7 = [[vn |7, - We have
lon (mn(h)) = bl = (o (7w (R)) = by pn (7N (R)) — h)
= llpw (e (W) 17 + 1hllF = 2(h, pv (v (R)).
Thanks to (5), and according to (13) with A = I'y'cy,

N
lon (mav(h)) — hllar = llon (R) |3y + 1Bl E — 2(h72/\z‘K(-,ti))
szo
= |ln (D)[l7ry + IhIIH = 2> Xih(t:)

i=0
=cn Iy en + b7 — 2¢h Iy'ten
= [|Alff — en T*en
2 2
= [1hllz — llmn (h) Iz -
And (23) comes from (20).
Now, we can formulate the approximation problem : let us define the function
Jn :Hyn — RT: Yun € Hy,
1
In(on) = llon |y + 2l Zn(on) — y 7 (24)
where y = (y1,...,yn) and ||.||n the Euclidean norm in R™.

Proposition 4 For all un and vy in Hn, we have

In(bun+(1=00n) = U )+ (10w (o)~t(1=0) (Jlun = ow iy + 51T uw) = Zu(umlh).

(25)
So that Jn is strongly convex :

JN(tuN + (1 — t)’l)N) < tJN(’LLN) + (1 — t).]N(UN) — t(l — t)||uN — ’UNH%IN' (26)
Moreover, Jn is Fréchet differentiable and

lim JIn(vN) = Fo0.
lon || #r =400

Additionally,
In(vn) = J(pn(vw)). (27)

Proof Inequality (25) is straightforward.
It is easy to notice that Zn (pn(vn)) = Zn(vn), so that, as (H3) is satisfied, then

Zn(pn (vn)) = In(vn)
so that, thanks to (5)

J(pn (on) = llow (o)l + %IIIn(pN(vN)) -yl

2 1 T2
= ol + I Zaton) ~ 5T I

= JN(’UN).
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The constraints space is simply defined as
Cny=HynNC. (28)
Then the discretized problem is defined by

i JIn(un). (Pn)

Theorem 1 Under the assumptions (H1) to (H5), (Pn) has a unique solution
un.

Proof Let g € H N C, then, thanks to hypothesis (H4), nn(g9) € Cn = Hy N C.
So that Cy is a nonempty closed convex of Hpy. According to the properties of
Jn (Proposition 4), we have the conclusion. O

4 Convergence result

The aim of this paragraph is to prove that, if 4y is the solution of (Py) and u
the solution of (P), then in F,

lim uy = .
N —+o0
We will prove two intermediate results leading to the convergence result.

Proposition 5 Under (H1) (H2) and (H3)

yim Iy (@) = J(w); (29)
yim I (i) = J(@). (30)

Proof Let us set
hN = pn(in) € H.

Using (27), as nn () € Hy N C, we have

J(™) = J(pn (tin)) = T (n) < Iy (wn (@) < J (@), (31)
Let us prove the last inequality:

- - 1 ~
In (v (@) = mn @)y + 5 1 Zn (v (@) — vl
Thanks to (H3), Zn(nn (1)) = Zn (@) so that, thanks to (18),
~ - 1 ~ ~
In (v (@) < |l Ul + 5 11Zn (@) — ylln = J(@).

As ||WN || < J(KN) < J(@), then the sequence (h™Y)yen is bounded in H so that,

by weak compactness in Hilbert space, there exists a sub-sequence (h! "reN and
h* € H such that

RN~ R* e H, (weak convergence). (32)

k—+oo
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As H is a RKHS with kernel K, for all ¢, € An, K(.,t;) € H and

(WNE K () = bV (t5) R (R, K(,t:))g = h*(t:).

Therefore for all N > 1, mn (h™*) N _->i- 7w (h™) in the finite-dimensional space
— 400

Hy . According to assumption (H2), as far as N, > N, Iy (h™"*) = In (pn, (Gin,)) =
In(un,) and

75 (%) = 7n (o, (in,)) = T (@),
so that
WN(l/ZNk) — FN(h*) in Hy.
k—+4oco

As Hpy is an Hilbertian subspace of E (Inequality (16) of Proposition 1.),

WN(aNk) k%_;oo FN(h*) in .

Under (H4), mn(un,) € C and C is closed in E, so that for all N,
WN(h*) eC.

C is closed in E and 7y (h™) N j h* in E, then
— 400

h* e C and J(u) < J(hY).

Then, as .J is convex and lower semi continuous and h™* — h* € H, using

k—+o0
(31),

J(@) < J(h*) < lim J(A™*) = lim Ju, (iin,) < lim Jy, (un,) < J(u)
k K
so that

JNk (aNk) k—>_-',>-oo J(ﬁ)

(31) implies that

J(@) < J(h") < lim J(A"*) = lim Jy, (i) < lim Jn, (7, (@) < lim J, (v, () < J(@)
k k k

so that

JNk (WNkiL\) kﬁ_q)Loo J(ﬂ)

As the sequences (Jny (un)) ven and (Jn (mnT@)) yen are in the compact set [0, J(@)],
then the results hold. O

Proposition 6 We have the following result

Ngr}goo 7~ (@) — un |y = 0. (33)
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Proof As Jy is strongly convex (26) and differentiable, then
In (N (@) = In(n) > (In(@n), 78 (@) = @) iy + l7n (@) — |,
where Jj denotes the derivative of Jy. As mn(4) € Hy NC and 7y solves (Py),
(Jy(@n), 7N (@) — Un)my >0,

so that
I (@) = anl[iy < I (v (@) = I (@n).
(33) comes from the application of Proposition 5.00
Theorem 2 Under (H1), (H2), (H3) (H4) and (H5)
aN — U n E.
Proof

[un =l < llun —7n (@) |6 + [l7n (@) — |z

We know from approximation theory in the Banach space E that

| 7@ —alls — 0. (34)

As Hy is an Hilbertian subspace of E (see (16)),
| 7w (@) =l < el mn (@) = Ul -

Proposition 6 gives the result. U

5 Stochastic Correspondence of Constrained Optimal Smoothing

The overall goal of the paper is to find a correspondence between the solution u
of (P) and the posterior distribution {U(x) | U € C,Y; = yi}, (U(x))ze[o,1) being
the GP associated to the covariance function K, the kernel of the RKHS H. The
observations are written as

Yi=U(z;) + &i,1 <i<mn,

with £ = (&;); is a centered Gaussian vector N (0, o>1).

As we defined a finite-dimensional approximation space Hy of H, it is quite
natural to construct a finite-dimensional GP Ux to approach U. Using the subdi-
vision (8), we approximate the GP U by the following finite-dimensional GP (see
[9] for more details):

N
Un(z):=» Ult))es(x), x€X. (35)

3=0
Note that & := (U(to),...,U(ty)) " is azero-mean Gaussian vector with covariance

matrix I'v = (K (ti,tj))g<; j<n» Where K is the covariance function of U.
In the following proposition, we prove that the GP Uy is associated with the
Hilbertian space Hy defined in Section 3.
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Proposition 7 The process Uy defined by (35) is a centered GP with covariance
function :

N

vae',x € [0,1], Kn(z,2') = Y K(ti tj)e;i(x)pi(z’) = () Inp(a’), (36)
i,j=0

where ¢ = (po,...,on)". If (H5) is satisfied, then the RKHS associated to Uy
with the reproducing kernel Ky is

Hy :=Span{y;, j=0,...,N}
with the scalar product (11).
Proof Obvious.

Theorem 3 The posterior likelihood function of {Un | Un € C,Y; = y;} is of the
form

_ 1
Lﬁ,s(u) = kNllue(mHN exp <—§JN(u)) , (37)

where kn is a normalizing constant. Then, the MAP estimator vy as the mode of
the posterior distribution {Un | Uny € C,Y; = y;} is well defined and is equal to
un solution of (Pn).

Proof First, remark that the sample paths of Uy are in Hy by construction. Hence,
it makes sense to define the density of Uy with respect to the uniform reference
measure Ay on Hpy. The density is defined up to a multiplicative constant and to
give it an explicit expression, we consider the following linear isomorphism :

N
i :ceRNT! Hu::chgoj € Hy.
=0

We can define the measure Ay on Hy as the image measure Ay := i(dc), where
de = dco X ... X dey is the volume measure in RV, So, if B € B(Hy) is a
Borelian subset of Hy, we have

)\N(B) = /RN 11‘*1(B)(C)dcl X ... X dCN.

To calculate the probability density function of the GP Uy = Z;V:o U(tj)ej, we
write

P(Uy € B) =P (g € z'*l(B)) :

Using the fact that € = (U(to),...,U(ty))" is a zero-mean Gaussian vector
N(0, I'y), we have
P(Un € B) / (c ) L exp< lcTF710>dc
N i1 —_— —=
RN (B) |FN|1/2 2 N

1 "
/ 156 exp(—fﬂz(c)H?v)dc.
RN |FN|1/2 2
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By the transfer formula, we get

1
P(UNeB):/ 1p(w)— o
Hy \/27TN|FN|1/2

Hence, the density of Uyx with respect to Ay is the function

o (= gl Jarn o),

f{UN}ZUEHN|—>

L oxp (k)
- - — % ).
/27rN|FN|1/2 2
Now let us find the density of the conditional distribution {Un | Y; = y;}.
As Y; = Un(z;) + &, where € = (&;); is a centered Gaussian vector N'(0, 0%1),

the density of {(Y1,...,Ys) | Un = u} is given by

1 I~ 2
f{(yl,...,yn) | Un=u} * (Y1, yn) —> Wexp <_M ;(yi —u(zi)) > :

Let us apply the Bayes principle: the density of the distribution {Un | Y = y;} is
given by

i) | Un=u} W1, yn) X frugy (u)
Ftovi vy (Wi, o yn)

fon | vizyiy(0) =

We consider fy, ..., yn)}(yl, ...,Yn) as a constant of normalization k. Then

1 1 1« o 1, .o
Fruw | vimyo (W) =k —=5 exp | —5— ) (i —u(zi))” — Slluln ) -

{Un | yi} fon /—27_‘_N|]_‘N‘1/2 202 ; 2
1 1

Setting knn, = k! D )

Vo o | Iy |1/2

1
o 1m0 = kv exp (= 3w (w) (38)

Let us introduce the inequality constraints described by the set C.
If B € B(Hn),

P}Q:yi(UN e Bn C)
PYi:yi (UN € C) ’

P(UN € B | Un EC,Yi:yi):PXQ:y,(UN € B | Un EC):
so that

1

P(UN€B|UN€C,Yz‘=yi)=m .
i=Yi N

]leC(u)f{UN | Yz:yi}(u)d/\N (u)
is equivalent to

kN.n 1
i =Yi NN
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In the Bayesian framework, as far as Py,—,, (Un € C) # 0, the density of the pos-
terior conditional distribution {Uyx | Uxy € C,Y; = y;} is the following truncated
probability density function with respect to Ay :

1
f{UNEB | UNEC,Y1=y1}(u) =cC IL{UEHNQC} exXp (_§JN(U)>' (39)

The density fiu,yeB | Uyec,y,=y,} i also called the posterior likelihood function
denoted by LZJJ\{,S. By definition, the MAP estimator @y is the solution of the
following optimization problem

arg max L), (u) = arg min (—2 log L, (u)) .

From expression (39), the MAP estimate Uy is U solution of (Py)

6 Numerical illustration

The aim of this section is to illustrate the correspondence established in previ-
ous sections between the MAP estimator and the optimal constrained smoothing
function solution of problem (P). We consider the cases where the real function f
respects boundedness or monotonicity constraints. The associated convex sets are
denoted respectively C'p and Cs and are equal to :

Cp={rec®(0,1) : —0<a<f(z) <b<+o0, z€ (0,1}

Cu = {f ec'([0,1) : f(x) < f(z'),Va < x}

© [ e e e e e e e e Fe-C e === =—=—=/73
N —
o
- o _|
© —
e o
1 -
: == unconstrained mean
] = mean a posteriori
o o = maximum a posteriori
™ — M = = e = e e e e m = e =S - o
I T T T T T T | T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Fig. 1: Unconstrained and constrained mean together with the maximum a poste-
riori (MAP) estimator using the constrained model. The lower and upper bounds
are equal to —20 and 20 (Left) and equal to —30 and 25 (Right). The black points
represent the observations where the noise variance 0% = 1.5

In Figure 1, the constrained data are of size n = 7 (black points). The noise
variance is fixed at 02 = 1.5%. The Squared Exponential (or Gaussian) covariance

function is used o
N2 _ (x—a')
K(z,x') :=v exp( 592 ),
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where the hyper-parameters (0, v) are fixed at (0.12,10). In the left panel of Fig-
ure 1, we choose N = 100 and generate 100 sample paths (gray solide lines) taken
from the finite-dimensional approximation of GPs (35) conditionally to bounded-
ness constraints and noisy data, where the lower and upper bounds are respectively
-20 and 20. The sample paths of the conditional GP (gray solid lines) respect the
boundedness constraints in the entire domain unlike the unconstrained mean. In
the right panel of Figure 1, we just relax the boundedness constraints such that
the unconstrained mean respects it. The lower and upper bounds become —30 and
25. In that case, the unconstrained mean coincides with the MAP estimator but
not with the posterior mean (i.e., the mean of the paths). Hence, in the constrained
case, the mean of the posterior distribution does not correspond to the optimal
constrained smoothing function.

B e
<
o
(8]
o -

— = unconstrained mean

= mean a posteriori

o = maximum a posteriori
ﬂl- —

Fig. 2: 100 sample paths taken from the GP (gray solid line) respecting bounded-
ness constraints between —45 and 40. The unconstrained mean, the mean and the
maximum a posteriori coincide as expected

In Figure 2, we also relax the boundedness constraints (lower and upper bounds
are equal —45 and 40 respectively) such that they do not have an impact on the
model. In that case, the unconstrained mean, the mean and the maximum of the
posterior distribution coincide as expected.

This numerical example shows that the Maximum A Posteriori estimator is
smoother and much more likely than the posterior mean. This is coherent with
the theoretical result of this paper since the MAP is the solution of a regularization
problem in the RKHS associated to the covariance kernel of the process.

In Figure 3, the monotonicity constraint is considered. We choose N = 100 and
generate fifty sample paths (gray solid lines) taken from the finite-dimensional
approximation of GPs (35) conditionally to monotonicity constraints and noisy

data. The observations are generated from the monotone function z — e$2, where
the noise variance is fixed at o2 = 0.22. The monotone function is supposed to be
evaluated at (0.05,0.1,0.15,0.75) on the left panel and at (0.05,0.1,0.15,0.75,1)
on the right panel. The Matérn 5/2 covariance function has been used

Vol o], S ) o (Sl

K(z,2') =1 (1 +
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== unconstrained mean 3

3‘ = mean aposteriori 0 — unconstrained mean

= maximum a posteriori = 2\ == mean a posteriori )

= = maximum a posteriori
-

o) — = — )
- -

>
0 0
o o

T T T T T I T T T T T I

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Fig. 3: Unconstrained and constrained mean together with the maximum a posteri-
ori (MAP) estimator using the constrained model. The unconstrained mean (blue
dashed line) respects monotonicity constraints (right panel), contrarily to the left
panel. The Matérn 5/2 covariance function has been used. The noise variance is
fixed at o = 0.22

where the hyper-parameters (0,v) are fixed at 0.6 and 1 respectively. In the left
panel of Figure 3, the GP sample paths (gray lines) respect monotonicity con-
straints in the entire domain contrarily to the unconstrained mean (blue dashed
line). In the right panel of this figure, we just add one observation at z = 1. In
that case, the unconstrained mean respects monotonicity constraints in the entire
domain. We remark that it coincides with the MAP and not with the mean of the
posterior distribution. Again, in the monotonicy case, the posterior mean (mean
of the sample paths) does not correspond to the optimal constrained smoothing
function as expected.

7 Conclusion and applications

In this paper, we considered the constrained optimal smoothing problem. We ap-
proach it by the usual piecewise linear projection to obtain an approximate solu-
tion. We proved the convergence of these approximations to the optimal solution.
If we rewrite the problem in a GP model, we realized that the obtained approx-
imate solution is also the Maximum A Posteriori of the posterior distribution of
the approximate GP. We find the same Bayesian estimation as in the case of strict
interpolation treated in [4], but the proof is much easier.

These results are theoretical but they can lead to practical applications. In ap-
plications, the constraints are generally positivity, monotonicity or convexity. Nu-
merical illustration are provided with boundedness and monotonicity constraints.
Accounting for these type of inequality constraints in GP leads to smaller pre-
diction error and to more realistic uncertainties. The main benefit of our finite-
dimensional approximation approach is that it guarantees that the constraints are
satisfied everywhere (see [9]). It can be quite easily extended to multidimensional
situations. In [7], the constrained GP emulator is implemented, relaxing the in-
terpolation of observations through noise effect. They show, through numerical
experiments, that these emulators are faster than in the case of interpolation.
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Nevertheless, these models are appropriate to small dimensional case (up to di-
mension 5). In [3], the authors overcome this limitation with the introduction of
the MaxMod algorithm, performing at the same time dimension reduction and
efficient knot allocation. With simulated and real data, this algorithm remains
efficient in high dimension (at least dimension 20). In [3], the data points x; are
not in the partition Ax. Our results are also valid in that case. Its proof is done
in the appendix here below.

8 Appendix

If assumption (H3) is not fulfilled, then py(vn) and vy are not the same at the
data points, so that J(pn(vn)) # Jn(vn). Hence Proposition 4, except (27) and
Theorem 1 are valid. However Proposition 5 needs to be proved when (H3) is not
fulfilled. The proof is just a bit more technical.

As the norm on F is the infinity norm and 7y is stable, according to (6) and (16)

Iy (@[ < dlan @)y < dl[ulln

il e < clltl|a-

|7 (w) ()

| <1
()| < |

<
<

Hence

In (@) = o (@), + % Z(WN@)(:&') —yi)?

3

E

< |lallF + 7. (v (@) () — i)

q
i
o

< J(u)+

I
QM‘,_.

I
_

[ (@) (@) = y2)? = (@lws) = y)?

3

M=

< J(u) + [ (@) () — u(xi)] [u(zs) + 7w (@) (23) — 293)]

1
o2 4
i=1

((c + d)|| ull + 2 max |y;|)
o2

3

In(rn(u) < J(u) + 7 (w) — ull e

Cc1
Thus, setting ny = ||7n () —u|| g, acording to (34), we have ny — 0 as N — +oo.
In(mn (@) < J (W) + cinn,

where the constant ¢ is independent of N. By definition of uyn, Jy(an) <
Jn (7N (@) so that

In(un) < J(u) + cann.
We have

lpn (Un)(@i)| < |lon (n)lle < cllon (@n)lla = cllin oy < edn(in) < eJ(@) + ceinn

[un (z:)| < [Junlle < dl[unllay < dJIn(un) < dJ(U) + deinn.
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Let c2 be such that, forall NV,

(c+d)(J(@) + c1nn) < ca.

We have, according to the isometric property of pn,
J(pn (@n)) = llpn (@n) | H +> Z(pN un) (i) — yi)?

= || an iz, + Z pr (@n) (i) — yi)®
Y () ) =)+ 5 (o (1) — i)

1 =1

(o (@n) (@) = v)* = (@i () = )]

qu

= Jn(un) —

q
i

1

= Jn(un) + =

M=

=1

= Jn(un) +

ig lon (un) (i) + un (zi) — 2y:)] [on (un) (i) — Un (24)]

\M:

M 3 Iow(iin) ) — in )]

=1

< Jn(u
< Jn(un)+ .

Thanks to the reproducing properties of H and Hy and to the isometric prop-
erty of pn:

lpn (an)(zi) — un ()| = (o (Un), K (- 2i))m — (an, Kn (o @i))ny = (pn(Un), K @i))a — (on (Un), pn (BN (-, 26))) 1
= (pn(un), K(.,,2:) — pn (KN (- 24))) 1
< llon @I E K (- 2i) — pv (KN (. za)lla
< (J(@) + cvnv) max | K (i) — pn (KN (@) || ar

Lemma 1 We have

sup [lpn (Kn (., 2)) = K(s2)|a  — 0.
zeX —+oo

Proof Thanks to the isometric property of pn , we have

lox (K (2)) = K(2)l[5 = llon (Kn (@) 1+ 1K 2)ll7 =2 (on (Kn (4 2)), K(, @)

N
KN )y + K o) — 23 0s@)K (@, 45)
§=0
N
= Kn(z,z) + K(x, :U)—QZ(pJ VK (z,t5).
7=0

By uniform continuity of K(.,.) on the compact set X x X, we deduce that both

Kn(z,x) = Zf\szo K(ti, tj)pi(x)pj(z) and Z;.V:O vj(x)K(z,t;) are uniformly
convergent to the function K (z,x), which completes the proof of the lemma.
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Let us set
en = max |[K(,ai) — pn(En (., 2))|ar-
According to the lemma 1,
en - 0as N — 400
and
J(pn(Un)) < IN(Un) + c3en
with

nce + 2n max y;
—_—

g
Without assumption (H3), setting k™ = px(in) (31) is replaced by

J(WN) < In(@n) + esen < In(nn (@) + csen < J(@) + einy + caen,  (40)

where ey — 0 and ny — 0 as N — 4o00. Then, the proof is almost the same
than in Section 4: (40) is used instead of (31) and the compact set is [0, J(u) +
supy (c1nn + esen ).
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