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Abstract

Regularization and Look-Ahead Procedures for Selection of Basis Functions from

Multiple Libraries
by

Ling Zhu

Basis Selection from Multiple Libraries (BSML) procedure was proposed by |Sklar
et al.| (2013)) to estimate spatially inhomogeneous functions with linear combinations of
basis functions that are adaptively selected from multiple libraries. This methodology
proves to be successful but suffers from certain drawbacks. First, the BSML procedures
utilize the generalized degrees of freedom (GDF) to measure the complexity of a modeling
procedure. This approach can be computationally demanding, since the GDF needs to be
estimated at every step of the forward selection process. Another drawback of the BSML
procedures is its greedy nature when searching for basis functions. At each forward
selection step, the BSML procedures search for only one basis function to add to the
current model.

We first propose two procedures called Adaptive LASSO Basis Selection (ALBS) and
its modified version ALBS-2 to address the first drawback. The idea is to penalize the
bases differently based on their induced reductions of RSS and the libraries they are from.
This regularization approach shows no clear advantages over the BSML procedures in
terms of performance according to our simulations.

We then propose the look-ahead procedure (LAP) to address both drawbacks of the
BSML procedures. LAP avoids the estimation of GDF by treating the inflated degrees
of freedom (IDF) of each library as tuning parameters, and then estimate them using

cross validation. Moreover, LAP adopts less greedy search rules in the forward selection

Vil



so that either one or a pair of basis functions can be added to the current model after
each iteration. Extensive simulations show that the LAP can outperform the BSML pro-
cedures and other widely-used modeling procedures both in terms of computation speed
and mean squared error. Interesting real data applications in geology and meteorology

using the look-ahead procedure are also provided.
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Chapter 1

Introduction

1.1 Nonparametric Regression with Splines

Consider the following univariate nonparametric regression problem:
Y; :f(ZL'Z)—f—éZ, 1= ]_,...,TL, (11)

where y; and z; are the ith observation of the response variable Y and independent
variable X respectively, ¢;’s are random errors with mean zero and variance o2, and f
is the regression function to be estimated on the domain X = [0, 1]. We do not assume
f to have a predetermined form. Instead, we only require f to have certain qualitative
properties, such as smoothness, and let data decide the form of f. Thus, the model
considered in is nonparametric. There are two basic spline methods that can be

used to estimate f: regression spline and smoothing spline.
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1.1.1 Regression Spline

The regression spline model assumes that f can by well-approximated by either poly-
nomial spline, or natural polynomial spline. Let 7" = {f : f(z) = Bo+ f1x + Box®*+ - - +
B,_12" "1} be the collection of polynomials of order r, and C" be the set of functions such
that their r-th derivatives are continuous at each x. Then a polynomial spline f of order

r with interior knots t = (t1,...,t;), where 0 =ty < t; < -+ <ty < ty41 = 1, satisfies:
(1) f([[’) S 7TT, for x € [ti,tiJrl], 1= 0, .. .,k.
(ii) f € C™2 and its (r — 1)-st derivative is a step function with jumps at the knots.

We denote the collection of all such polynomial splines of order r with interior knots ¢ as

S7(t). For f to be a natural polynomial spline, it has to satisfy an additional condition:
(iii) When r = 2m, f(z) € 7™ for x € [0,¢1] and = € [tg, 1].

This translates to the boundary conditions on the natural splines: £ (0) = 9 (1) = 0,
for j =m,...,2m — 1, where fU) is the jth derivative of f. We denote the collection of
all such natural splines of order 2m with interior knots t as NS?™(t).

r—1

The space S”(t) is spanned by r+k basis functions: {1,z,--- 2" (z—t;) ", -+, (z—

te), '}, so for any f € S7(¢), it can be uniquely represented by
r—1 k
flo) =) 027+ 6;(x— ;)7 (1.2)
=0 j=1

Let X; be the n x (r + k) design matrix with the basis functions of S"(t) as its columns,
where the ¢th row corresponds to the r + k basis functions evaluated at observation

location z; for i = 1,...,n. Then (L.1)) can be written as:

y=Xi06 +e, (1.3)
2
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where y = (y1,...,yn), € = (61,...,en), and B, = (0o, ...,0,_1,01,...,0). The esti-
mate of B, that minimizes the residual sum of squares RSS(t) = (y — X: 3,)' (y — X: 3,)
1s:

B = (X{X:) ' X{y. (1.4)

The solution in is for fixed knots t = (t1,...,tx). However, both the number and
the locations of the knots in ¢ should be treated as tuning parameters. Some ad hoc
rules are available for selecting ¢ adaptively (See [Eubank| (1999)). The generalized cross
validation (GCV) criterion can also be used to select both the knot locations and number

of interior knots (k):
RSS(t)
(n—(r+k)*

GOV (t) = (1.5)

where r + k is the total number of basis functions. The tuning parameter £ is selected to
minimize the GCV in .

The scenario is similar when we assume f € NS?™(t). It is obvious that NS*™(t) C
S?m () since a natural spline has to satisfy the boundary condition (iii) as well. Because
there are a total of 2m such boundary constraints, the dimension of NS?™(t) is r + k —
2m = k, i.e., NS*™(t) is spanned by only k basis functions. Any f € NS?™(t) can be

represented by

m—1 k
flx) =) O +) 65w — ;)" (1.6)
=0 =1

1.1.2 Smoothing Spline

The smoothing spline model assumes f to be in certain functional space, such as the

Sobolev space W3[0, 1]:

1

w30, 1] = {f f fD oo £ are absolutely continuous ,/ (f(m) (:v))de < oo} .
0

(1.7)



Introduction Chapter 1

Then f is estimated by solving the following penalized least square (PLS) problem:

n

fr= argmin =3 (yi — Flx)” + A / (£ (x))’ dx, (1.8)

fewgroa) M

where )\ is the tuning parameter that balances the trade-off between the goodness of fit
and the smoothness of f,\. Assuming the design points are distinct, then for a fixed A,
the solution fy belongs to NS*™(xy,...,2,) (See Eubank| (1999)). When A = 0, fyis a
natural spline that interpolates the data, since there is no penalty on the roughness of f,\.
On the other hand, when A = oo, f,\ becomes an m-th order polynomial. A commonly
used criterion for selecting the smoothing parameter A is the GCV (See |Craven and
Wahbal (1978)). Let f, = (f,\(xl), . ,f,\(xn)),, and P, be the hat matrix that satisfies
f sy = Py, then the GCV criterion is defined as
_ Qi (yi - fA(iUi))2

GCV()) = TR (1.9)

where I is the n x n identity matrix, and tr(-) returns the trace of a matrix. The GCV
estimate of A is the minimizer of GCV(A). Other criteria such as the unbiased risk (UBR)
criterion and generalized maximum likelihood (GML) criterion can also be used to select
A (see [Wahba (1990)).

The Sobolev space W3[0, 1] is an example of a reproducing kernel Hilbert space
(RKHS), where a reproducing kernel (RK) R(x,-) is defined. More generally, let H be
a RKHS with the domain X, where X" is an arbitrary set, then R(z,-) is in H with the
reproducing property:

for any x € X and f € H, where (-, ) is the inner product on H. R(zx,-) is symmetric
and non-negative definite. Meanwhile, it has other nice properties. For example, given

4
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the tensor sum deposition H = Ho ® H1, we have R = Ry + R; where R, Ry, and R, are
the RK’s of H, Hg, and H; respectively.

We take the Sobolev space WJ"[0, 1] as an example (Wang| (2011)). Define the repro-
ducing kernel as Ry, (z,2) = Y Lk (2)k,(2) + (=1)™ Tkom (|2 — 2]) for 2,z € [0,1],
where k,.(x) = B.(z)/r! are the scaled rth Bernoulli polynomials, with By(z) = 1,
Bl(z) = rB,_1(x), and fol B, (z)dz =0 for r =0,1,2,.... The first five scaled Bernoulli

polynomials are given below.

k?()(l’) = ]_,
ki(z) =z — 0.5,
1], 1
ka(w) = lkl(x) - ﬁ} , (1.11)
ky(7) = é {kf(x) - }lkl (x)} )
1 7

Then for the tensor sum decomposition W3[0, 1] = Ho & Hy, where

Ho = span{ko(z), k1 (), ..., kn_1(2)}, (1.12)

Hi = {f:/olf(”)(x)dx:(), v=20,....m—1, /01 (f(m)(x))gdx<oo}, (1.13)

their corresponding RKs are:

Ro(z,z) = - ky(x)k,(2), (1.14)
Ri(2,2) = kp(2)km(2) + (=)™ T hom (|2 — 2|), (1.15)
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under the corresponding inner products:

Ggho=3 / 9 (2)de / ¢ (z)dz, (1.16)

(.o = / £ ()9 () de (1.17)

Thus, the penalty term fol ( fm) (x))de in the objective function is the same as
| Py f||?, where P; is the projection of W3[0, 1] onto H;. Let {¢i(z),...,dn(x)} be the
basis of Hg, where ¢,(x) = k,_1(x), for v = 1,...,m. Also, define the representers as
&i(x) = Ry(x,x;) for i = 1,...,n. Then the Kimeldorf-Wahba representer theorem states

that the minimizer fA in (|1.8) has the representation
A@) = dou(z)+ > ki) (1.18)
v=1 i=1
Based on ([1.18]), the solution in ([1.8]) can be written as

f\=Td+ =, (1.19)

n m

i=1ly=1’

where T = {gb,,(xl)} Y = {Rl(a:i,:cj)}n d=(dy,...,dp,), c=(c1,...,¢,),

1,j=17

fA = (f,\(xl), ce f,\(mn))/ Thus, the minimization problem in ([1.8)) is equivalent to:

1
argmin — ||y — (T'd + Xc)||* + \c'Ze. (1.20)
c,d n

The coefficient vectors d and ¢ in (1.20) can be determined by solving the following
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equations:

(X +n\)c+Td =1y,

(1.21)
T'c=0.
1.2 Smoothing Spline ANOVA
Now consider the multivariate nonparametric regression problem:
Y; = f(m,)—I—e,, = 1,...,n, (122)
where x; = (x;1,. .., %;q) is the vector of values of d explanatory variables for observation
y; with &1 € Xy, ..., x4 € Xy, the independent random errors € = (¢1,...,&,) have mean

0 and constant variance o2, and f is defined on the product domain X = X, x Xox---x X,;.
The domains &, ..., X, are arbitrary sets. Let H®) be the RKHS on X} with the RK
R™  then there exists a RHKS H on X, whose RK equals

R(x,z) = R (21,2 )R (29, 25) - - - RD (4, 24), (1.23)

where € = (21,...,24) € X and z = (z1,...,24) € X. This H is called the tensor
product RKHS, and is denoted as H = HY @ H® @ --- @ HD. Then, given the tensor
sum decomposition of each marginal space H*) = /H(()k) S H(lk) with ’H(()k) = span{1}, we

have

H = é HE)
k=1
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d
- (H o m?)
k=1
o [(e)-(&*)
BC{1,....d} keB keBe
= @ Hp
}

BC{1,....d
d
:H@@ZH{H@ZHW}@W@HH ,,,,, d}s (1.24)
k=1 k<t

where Hy = ®i=1 H(()k). Therefore, for f € H, it can be decomposed accordingly:

d
f=n+ ka(fk) + ka,z(wk,xz) + o+ fioa(T, o Ta), (1.25)
pt

where p € Hy is the overall mean, f(z;) € Hyyy is the main effect of @y, fi(zr, z0) €
Hk,ey is the two-way interaction between x; and x,, and so on. Because the similarity
to the classical ANOVA model, is called the SS-ANOVA decomposition.

In practice, spaces containing high-order interactions are usually omitted to overcome
the curse of dimensionality problem. For example, if we assume f € H@@Zzzl Hwy, e,
no interactions are considered, then we have the additive model (Hastie and Tibshirani
(1990)). An SS-ANOVA model is referred to a model that contains any subset of the
components in the SS-ANOVA decomposition. After regrouping terms, the model space
of an SS-ANOVA model can be written as

Q=H'@oH' & &N, (1.26)

where H° contains all functional components that are not penalized, and H*, ..., HY are

orthogonal RKHS’s with RK R’ for j = 1,...,¢. Then for each A = (A\1,...,,)’, the
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estimate fA in the SS-FANOVA model is

fx = argmin <% Z (v — flm)" + Z )‘j||ij||2> ’ (1.27)
j=1

jeQ i=1

where each H? has its own smoothing parameter \;, and P; is the orthogonal projector
in Q onto H7. Let Hj = H' @ --- & H, then for f € H, we have f(x) = 3°1_, f;(x)
where f; € H’ for j = 1,...,q. After the reparameterization )\, 2\ 6;, the minimization

problem in (|1.27)) is equivalent to

n

il*—‘

feQ

fro = argmin ( "4 A||P*f||2) (1.28)

=1

where 8 = (01,...,0,)", P = >_%_, P; is the orthogonal projector in Q onto H7, and Hj
is the RKHS with the RK R} = 7, 6;R7 and inner product (f,g). = >9_, 0, (f;,95).
Because has the same form as , the same technique can be used to solve
f)\vg for fixed A and 6. The solution f&g has a similar representation to , by the

Kimeldorf-Wahba representer theorem:

n q

Fro(z Zd’/(bl’ —l—ZcZZQJR’ T, x;), (1.29)
i=1  j=1

where {¢1,...,¢,} is the basis of H°. Again, criteria like GCV can be used to select the

tuning parameters A and 6. See (Gu (2013b)) and Wang| (2011)).

1.3 COmponent Selection and Smoothing Operator

For the SS ANOVA model, we can see that the representation in (1.29) contains the
representers from each H7 for j = 1,...,q. Often it is necessary to perform variable selec-

tion and leave out some SS-ANOVA components because the corresponding variables are

9
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not important. This is the motivation behind the COmponent Selection and Smoothing
Operator (COSSO) method proposed in Lin and Zhang] (2006]).

Consider the same tensor product decomposition in , where each marginal space
H®) is decomposed into {1} @Hgk). Then for the model space Q in (1.26]), the null space

is H° = span{1}. The COSSO procedure estimates f € Q using

n

fo = argmin = 3" (5~ f@)” + 7 IR, (130

fee M

where 7 is the tuning parameter. The constant is the only term not penalized. Paramet-
ric components such as low order polynomials are also adaptively selected in COSSO.
Comparing with the SS-ANOVA estimate in , we can see there are two d-
ifferences. First, there is only one tuning parameter in , whereas in there
are ¢ of them, one for each H’. Second, the penalty term in is the sum of RKHS
norms, but in the sum of squared RKHS norms is used instead. The reason that
the penalty ||P; f|| is employed in COSSO is to induce sparsity of the SSSANOVA com-
ponents, similar to the L; penalty used in the LASSO model (see next section). Indeed,
the LASSO is a special case of COSSO when the linear models are considered.

Instead of solving directly, the COSSO procedure uses the following equivalent

formulation:

n

A 1 q q
fr = argmin — Z (yi — f(mz))2 + Ao 226?;1||P]f||2 + )\Z 6;, (1.31)
j=1 Jj=1

fee Mo

where 0; > 0 for j = 1,...,q9, Ao is a constant, and A is now the tuning parameter.
The advantage of using ((1.31)) is that it is very similar to the SS-ANOVA formulation
in (1.27), except there is an extra penalty on the 6;’s to induce the sparsity of the

components f;’s. When 6;’s are fixed, (1.31]) is exactly the same minimization problem

10
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as in the SSSANOVA model. Thus, the COSSO algorithm first initializes 6; = 1 for
j=1,...,q, and obtains the SSSANOVA estimate of f with Ay tuned by using either CV
or GCV criterion. Denoting this estimate as fsg, then it has similar representation as in
(11.29):

fog=d1, + Zee, (1.32)

where 1,, is the column vector consisting of n 1’s, & = (é1,...,6,), Xo = Y 1, 02k with
e = {Rk(xi,xj)}zjzl, fss = (fss(xl), . ,fss(l’n))/. At the next step, the COSSO
algorithm solves the following non-negative garrote problem to obtain the estimates of

0 = (6:,...,0,) with fixed d and &.

q
mein(z — GO)(z— GO) subject tob; >0,j=1,...,¢; ZGJ- <M, (1.33)

j=1
where z = y — %n)\oé —dl,, G = (X4¢,...,%,6) is an n X ¢ matrix, and the tuning

parameter M is selected by CV or GCV criterion. Denote the the estimate of 8 as
6. Then at the final step, the COSSO algorithm solves again with fixed 8 = 0,
to obtain the final estimate fé. Lin and Zhang (2006 implemented the COSSO using
HE =W2[0,1] for k=1,...,d.

1.4 LASSO and Adaptive LASSO

1.4.1 Least Absolute Shrinkage and Selection Operator (LASSO)

Consider the same regression problem as in (1.22) with f(x;) = Z;l:l z;;B; and
X = R?% Also assume x;; are standardized so that > " z;;/n = 0 and 1" | 27 = 1.

Let B8 = (P1,-..,84) be the coefficients vector. Then the LASSO estimate of 3 is the

11
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solution to the following L;-penalized regression problem:

n d 2 d
Hlasso . 1
1 j=1 J=1

1=

where \ is the tuning parameter that controls the shrinkage of all the coefficients. As A
increases, LASSO continuously shrinks the coefficients towards zero, and some coefficients
are shrunk to exact zero when \ is sufficiently large. The solution in has closed
form only for some special cases. For example, when there is a single predictor, i.e.,

d = 1, the LASSO solution is a soft-thresholded version of the least square estimate B"ls:

A;asso _ S(BOIS, /\) 2 Sign(BOIS)(|BOIS| — /\)—i-

Bels — X\, if 5% > 0 and A < |3,

(1.35)
= QA"+, i <0 and A < |3,

0, if A > |3,

\

where the least square estimate is BOIS = > " x;y;. With multiple predictors, if they
are uncorrelated, or equivalently when the design matrix is orthonormal, i.e., X' X =TI,
then once again the LASSO estimate of each 3; is the soft-thresholded version of the least
square estimate 5’]‘?15. For the special case in , we can see the continuous shrinkage
nature of the LASSO estimator, which helps to improve the prediction accuracy due to
the bias-variance trade-off. This trade-off is controlled by A. By allowing small increase
in the bias in exchange of substantial decrease in the variance when estimating 3, the
prediction error can be reduced substantially.

The pathwise coordinate descent algorithm proposed in [Friedman et al. (2007) can
be used to efficiently solve . The idea is to repeatedly apply soft-thresholding with
a “partial residual” as a response variable. We can rewrite the right hand side of

12
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as:

n 2
0B) =53 (m=Soud =) 4 AT IAI+NAL (130

i=1 K j ey
where all the values of 8y for k # j are fixed at prior iterations’ values Bk()\), and we

update the estimate of a single coefficient ; by minimizing ((1.36)). Based on the solution

in (1.35), it is clear that we get
)« S (Z 45 (yi — i A) , (1.37)

where yl Zk# xzkﬂk The update (|1 is repeated for 7 = 1,2,...,d,1,2,... until
convergence. The pathwise coordinate descent algorithm returns the LASSO solution for

any fixed A. To tune A, a criterion such as GCV can be used.

1.4.2 Adaptive LASSO

To evaluate the performance of a variable selection procedure, Fan and Li (2001))
proposed the oracle properties. The properties have two parts: one is the consistency of
variable selection, i.e., a procedure can correctly identify the true nonzero coefficients;
the other is the optimal root-n estimation rate of these true nonzero coefficients. Zou
(2006)) has shown that the LASSO does not always satisfy the oracle properties, and thus
proposed a new procedure called the adaptive LASSO to achieve oracle properties.

The idea of the adaptive LASSO is to penalize the coefficients differently by assigning
different weights to them. The adaptive LASSO estimator, BAL, can be obtained by

solving the following L-penalized regression problem:

n d 2 d

~AL (1 .

/6)\ = arggnm 52 (yz —ZZEU5J> +)\ZQUJ|5]’ s (138)
i=1 j=1 j=1

13
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where @ = (i1, ..., 1Wy) is a data-dependent weights vector defined as @ = 1/|3], for a
root-n-consistent estimator 3 to 3, and a positive 7. Usually we use @ = 1 /| BOISP.

The algorithm for obtaining adaptive LASSO estimates in is simply based on
the LASSO algorithm:

The Adaptive LASSO Algorithm

L. Let aj; = xy/w;, fori =1,...,n, j =1,...,d, where w; = 1/|5’§’IS|7 for fixed

.

2. Solve the LASSO problem for fixed A:
1 d 2 d
g - arggnill 5 > <y - Zx%@) +AD 1B (1.39)
i=1 j=1 j=1

3. The adaptive LASSO estimates for fixed A and ~ are:

B =B jwy, j=1,....d. (1.40)

The adaptive LASSO has two tuning parameters: A and v. To find an optimal pair of

(A, 7), a method such as cross-validation can be used.

1.5 Hybrid Adaptive Spline

The smoothing spline, smoothing spline ANOVA, and COSSO are regularization ap-
proaches. They assume f is in certain model space, and then each solve a regularized
least square problem by penalizing the model complexity. In contrast, the regression
spline is a basis approximation approach. It starts with representing f in terms of basis
functions, such as in , and then selects the optimal number and types of basis accord-

14
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ing to certain model selection criterion. The hybrid adaptive spline (HAS) is proposed in
Luo and Wahba (1997)), and it can also be classified as a basis approximation (pursuit)
approach. It is called “hybrid” because it is similar to the regression spline, but with
smoothing spline representers as basis functions.

When f € Wj"[0,1], the smoothing spline estimator of f has the representation in
(1.18]), which is a linear combination of the basis in H, and the representers in H;.
The HAS idea is to select only k representers adaptively among Ry = {&(z),...,&.(2)}
to approximate f. This is useful especially when the underlying function is spatially
inhomogeneous. The tuning parameter k controls the model complexity, and can be
selected using the GCV criterion. |Luo and Wahba| (1997) presented the HAS procedure
only for the m = 2 case, but the procedure is similar for general m, which is presented

as follows.

The HAS procedure

1. Initialization: Set B, = {¢1(z),...,¢m(x)} and let M be an upper bound on

the number of basis functions to be selected (including those in B,,).

2. Forward Selection: For k = m + 1,..., M, select &, among the representers

that have not yet been selected, to maximize the reduction of RSS:

, = argmax {RSS (Bk_l) — RSS (Bk—l U {f}) }7 (1.41)
£eRNBS,

where By_1 is the set that contains all the basis functions in B,, and the (k —
1 — m) representers that have been selected in prior steps, RSS(B) is the RSS
of the ordinary least squares fit of the model with all the basis functions in B

as covariates. Update By = Bj_1 U {&, }.
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3. Elimination: Select k*, m < k* < M, to minimize the GCV criterion:

RSS(By)

GCV (k) = 5
[n— (m+ (k—m) x IDF)]

(1.42)

where IDF is the inflated degrees of freedom.

4. Final Model: Fit an model with ordinary least squares or ridge regression

method using the basis functions contained in Bj«.

In the calculation of GCV in ([1.42)), the degrees of freedom of each adaptively selected
representers are inflated by a factor of IDF (hence the name inflated degrees of freedom)
to account for the adaptive model selection process. Based on simulations, the authors
suggested that 1.2 is a good choice for the IDF in HAS, when m = 2. A larger IDF may
cause fewer basis functions to be selected in the final model. One potential drawback of
the HAS procedure is due to this ad hoc choice of IDF. We will delay the discussions of
the IDF until Section [L7. Another drawback of HAS comes from the fact that it uses
only one type of basis functions — the smoothing spline representers — in the forward
selection. These two drawbacks are the main motivations for the BSML procedure, which
we will discuss in Section [I.8 In addition, the search procedure in HAS is greedy which
may be trapped to a local optima. We will propose a look-ahead search procedure in

Chapter 3 to alleviate this drawback.

1.6 Multivariate Adaptive Regression Splines

Multivariate Adaptive Regression Splines (MARS) is another basis approximation
approach that was proposed in Friedman! (1991)). It assumes that f is a linear combination
of tensor products of univariate linear spline basis functions.

Consider the same regression problem as in (1.22) with X = R, and a point X € X
16
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is written as X = (Xi,...,Xy). Let 771 be the collection of pairs of truncated linear

functions:

71 = {(X] - t)'f‘? (t - X])+} ?E{ﬁlj,xgj,...,xnj}y (143)

j=1,2,....d.

where the knot ¢ is one of the observed values of the jth explanatory variable X, and
X, ranges over (—oo,00). If all the observed values of the jth explanatory variable are
distinct for each j € {1,...,d}, then there are 2dn basis functions in 7;. Note that
each basis h(X) = (X; — t), is considered as a function in the entire input space R,
although it only depends on a single variable X;. MARS assumes f has the following

representation:

F(X) =B+ Buhm(X), (1.44)

where h,,(X) is either a function in 7; or a product of two or more such functions,
and M controls the complexity of f and is user-specified. The advantage of using linear
splines in 77 as building blocks is that now h,, is nonzero only over the small part of the
input space, where all its components are nonzero. This allows the h,, basis functions to
operate locally and build up a parsimonious regression surface.

Given the basis functions, the coefficients f,,’s are estimated using ordinary least
squares. To construct the set h,,’s, MARS first performs forward selection. Starting with
the constant ho(X) = 1, suppose at the kth step the model set is M} which contains
all the bases selected in the prior steps, then MARS computes the reduction of RSS by
adding to M, the products of each basis in M, with every pair {(X; —t)4, (t—X;);} in
71 that has not yet been selected, and then selects the pair that minimizes the reduction
of RSS. The forward selection stops when adding new terms will make the total number
of terms in the model exceed M + 1. A backward deletion procedure is then applied,
deleting the term one by one whose removal causes the smallest increase in RSS, to

produce a sequence of candidate models fA of each size \. Denote d as the total number
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of terms in the model when the forward selection is completed, where d < M + 1, then
the size A € {d,d —1,...,2}. The final model is f,\* where A* is chosen to minimize the

GCV criterion. Here are the details of the MARS algorithm.

The MARS procedure

1. Initialization: Set By = M; = {1} and k = 1. We use B to denote the set of
basis functions selected in the forward selection, and M to denote the set of
model terms h,,’s induced by these basis functions. Let M be the user-specified
maximum number of model terms (does not include the constant term) as in

(T.44).

2. Forward Selection:

while |[M;| < M +1 do

{(Xje =) 4, (" = Xjo) 1 }
=  argmax {RSS(Mk) — RSS (./\/lk U U {(X; =)+ - he(X),
(X]'_t)+€(7—1062) heeM
(t—Xj)+€(7—1032) (t - X])+ . h[(X)}) }
Update:
B = Br U {(Xj« —t)4, (" — Xj2)+ },

Mir = MU ([ {(XGr = )4 - he(X), (8 = Xpo) 4 - he(X)
heeM,,

k=Fk+1.

end while

3. Backward Elimination: Let My be the model set returned from the forward

18
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selection. Let d = |[M;|. Set M@ = M.

for \=d,d—1,...,2do

¢ = argmin {RSS(M(’\) \{¢}) - RSS(M(’\))}.
£e MW

Set MAD = MM\ {2

end for

Select A*, 1 < A* < d, to minimize the GCV criterion:

S (v — fil=a)?

GCV(A) = 3
[n— (rx + Ky x IDF)]

(1.45)

where f,\ is the ordinary least square fit using the basis functions in M®,
ry is the number of terms in M® | K, is the number of knots in M®™ and
IDF is the inflated degrees of freedom. For MARS, Friedman suggested to use
IDF = 3.

4. Final Model: f,\*.

The advantage of MARS is that it can be easily applied to high-dimensional data.
Also, it allows high-order interactions among the predictor variables, and is very useful
when the true model has a hierarchical structure. However, MARS shares the same
disadvantages as HAS. They both use fixed IDF, single class of basis (linear splines in

MARS), and have a greedy search procedure.
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1.7 Generalized Degrees of Freedom and Covariance

Penalty

1.7.1 1Ideas Behind the IDF and GDF

We have seen in Sections and [I.6] that the IDF plays an important role in con-
structing the model selection criterion in each of HAS and MARS. The concepts of IDF
and generalized degrees of freedom (GDF) are also crucial in understanding other adap-
tive basis selection procedures such as the BSML procedure (Sklar et al. (2013)) and the
look-ahead procedure discussed later. For example, during the forward selection stage of
the look-ahead procedure, basis functions are selected by taking into account the IDFs
of different libraries. The basis functions are grouped into libraries according to certain
properties, such as the form of the basis function or smoothness of this function. Previous
literature has suggested that it is advantageous to use different IDFs for basis functions
that possess different properties. As mentioned earlier, in the HAS procedure (where
the bases are smoothing spline representers), [Luo and Wahba| (1997) suggested IDF=1.2;
while for the MARS procedure (which has the truncated linear functions as its basis
functions), [Friedman, (1991) suggested IDF=3. The potential problem with fixing the
IDF is that even if only one library of basis functions is used, the IDF should change as
more and more bases are selected, because the IDF should depend on both the number of
bases already in the current model, and how well this model fits the data. Therefore, it is
restrictive to fix the IDF for each library throughout the searching process. In addition,
the choices of IDF in HAS and MARS are ad hoc. The IDF should be chosen adaptively
based on the data. For a particular data set, the degrees of freedom of certain basis
functions should be inflated less (making them easier to select) compared to the others,

when they possess key properties that lead to better approximation of the true function.
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However, the situation may change completely for another data set with a different true
function. Therefore, the estimation of the IDFs should be data-driven and adaptive.
This is also the idea behind the BSML procedure which estimates IDF values based on
an estimate of generalized degrees of freedom.

Generalized degrees of freedom (GDF) was proposed in |Ye, (1998) for Gaussian data,
where it was defined as the the sum of the sensitivities of the fitted values to perturbations
in the response. Here we summarize Ye’s approach. Let y = (y1,...,y,)" be the observed
values of a response variable Y, f = (f(a:l), . f(:cn))/ be the values of the true function
at the design points @1, ..., x,. The response vector y is assumed to follow a Gaussian

distribution:

y ~ N(f, o°I). (1.46)

Also, let f be the estimate of the true function f, and f = (f(a:l),...,f(wn)),. A

modeling procedure M is defined as the mapping from y to f :
M:y—f. (1.47)

Then the GDF of M is defined as

8Ef
Z 8f x;)

= 1 ZCOV (f(mz), yz> . (1.48)

GDF provides a good measure of the model complexity and reduces to the regular
degrees of freedom in Gaussian linear regression with given covariates, but its estimation

can be computationally expensive in more complicated models. |Ye| (1998) proposed the

21



Introduction Chapter 1

Monte Carlo algorithm to estimate the GDF when it does not have a known analytical
value. First, T" replicates of Gaussian noises §, (called the perturbations) are simulated,
ie.,

8, = (0u,...,0m) ~N(0, 7°L,), fort =1,...,T, (1.49)

where 7 € [0.56, 6] and ¢ is an estimate of 0. Then the modeling procedure M is applied
using each perturbed response y + d; to obtain the estimate fy+5t, fort =1,...,T.
Finally, for fixed «;, for each of i« = 1,...,n, the sensitivity h; is calculated as the

least-squares estimate of slope in the following model

fyro, (@) = &+ by, t=1,...,T, (1.50)

~

and the estimate of GDF is D(M) = Y27, h;. Therefore one needs to fit the model M
T times to compute this estimate of the GDF.

The BSML procedure estimates the GDF of the models at each step while performing
the forward selection. Let D(M) be the estimated GDF of the model M}, which contains
k basis functions, then the IDF of this model is estimated by

ﬁ(Mk) —m

k—m

IDF(M},) = : (1.51)

where the IDF's of the first m bases are fixed at 1.

In the next section, we will explain the relationship between GDF, RSS, and MSE.
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1.7.2 The Relationship Between GDF, RSS, and MSE

Consider model (1.22)). Let M be the modeling procedure that leads to an estimate

f. Define the covariance penalty C'(M) as
CM) 2E[(y — £)(f = )] = Y_ Cov(f(z), ).

Let’s take a closer look at the covariance penalty C'(M). In the standard linear regression
setting, conditional on including all of a fixed set of p covariates (analogous to p basis
functions evaluated at n discrete points), the n x p design matrix X is fixed. Hence the
modeling procedure M will only include the model estimation part, since no selection
of the covariates is needed. Let H be the corresponding hat matrix, i.e., § = f = Hy.

Then C'(M) has the following explicit form:

CM)2E[(y— ) (f - f)]
=E{(y— £)f} - (Ew) - f)'f

=E{(y - ) f}

— (< Hy)

=E(¢'He) + E(¢'HY)
= tr(H)o?

= po”, (1.52)

where the second-to-last equality is a result of Theorem 1.5 in [Seber and Lee (2003).

Hence, the GDF D(M) in this linear regression case can be calculated analytically as:
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Because D(M) is a function of the number of parameters p in the model, it measures
the model complexity. The IDF for each basis is D(M)/p = 1 here. If, however, the
modeling procedure M also includes the variable (basis) selection part, then the “cost”
of selecting a basis function will typically be greater than 1[f] The actual GDF and IDF
depend on many factors such as the specific modeling procedure M, the true function,
the nature of variables (basis functions), and which variables (basis functions) have been
selected in prior steps. It does not have an explicit form in general.

As shown in Sklar et al.| (2013), the expected value of the RSS of an model B can be

decomposed into:

E(rSS) = E (|f - y|[")
E(IF~5+F-ull)
—E(IF - £1°) +E(IIF - 9]*) - 2E[( - £)(f = £)]

= MSE + E(e’e) — 20(M)

= MSE + no? — 2C(M).

That is,
MSE = E(RSS) + 2C(M) — no”. (1.53)

On the other hand, there is a well-known bias-variance decomposition for the MSE:
2112
MSE = E (||£ - f|I°)

—E(|If - B +ES) - fI)
= |lf ~E@|*+E (| -ED)

'For the basis functions that are always included in the model, e.g., the first m basis functions in the
HAS procedure, the IDF will be 1.
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= ||Bias(f)||” + tr(Var(£)), (1.54)

where Bias(f) = f—E(f), and Var(f) is the covariance matrix of f. For the second term
in (1.54), if f is estimated by a modeling procedure M that does not include selection,

then

(€'He), since H is idempotent,

= po”. (1.55)

We can see that the C'(M) in (1.52)) is the same as tr(Var(f)) in ((1.55)) under the
fixed covariates linear regression case. Therefore, provides another view of the
bias-variance trade-off. If additional basis functions are included in a model, the RSS
will be smaller, but on the other hand the model’s GDF will increase. An ideal linear

regression model should achieve the balance between the two.

1.8 The BSML Procedure

The BSML procedure was proposed in Sklar et al. (2013). It selects basis functions

adaptively from multiple libraries, where each library consists of basis functions with

25



Introduction Chapter 1

similar forms and properties. Compared to using a single library, the advantage of us-
ing multiple libraries is that only relatively few basis functions need to be selected from
each library to approximate the target function, particularly if the target function is
spatially inhomogeneous and if the basis functions in different libraries capture different
inhomogeneous features found in the true function. There are infinitely many choices of
the libraries. Libraries may be selected from different families including Fourier, spline,
radial, wavelet bases and so on. They may also be selected from different types within a
family. We can have B-splines, truncated polynomials and reproducing kernel represen-
ters for the spline family. Within each type, we can specify different orders of basis, e.g.,
linear or cubic for polynomial splines.

Table lists some commonly used libraries of basis functions (Sklar et al.| (2013))).
Here 7, are truncated polynomials, and the step functions 7 is a special case with m = 0.
R(1,m) are the polynomial spline representers defined as R m) = {{Rm(xi, 2)
{Rpn(xi, 2g) }1— } where z,..., z, are knots. Ry,(z;,z;) is the reproducing kernel defined
in (1.15). For the family Ps, the periodic spline reproducing kernel of order-2 is defined
as Rpero(s,t) => 00, ﬁ cos2mu(s —t) for s,t € [0,1].

Table 1.1: Notations for libraries of basis functions that will be used in Section 2.2

Notation | Family of Basis Functions
Uy {1}, constant functions
U, {1,z,2*, ..., 2™}, polynomial functions of orders 0,1,2,...,m
Cm R(1,m), polynomial spline representers
Ps {Rper2(zj, )}, periodic smoothing spline representers of order-2
T {(x = 2)7, (x — 2)7, ..., (r — zq)T}, truncated ploynomials
Frm {sin(27 fkx),cos(2m fkx) : k = 1,...,m}, Fourier basis functions

The BSML procedure starts with the null library £y, which contains all the basis

functions that will be included in the model automatically. Let m = |£y| and M be the
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pre-specified maximum number of basis functions we want to select (including those in
Ly). Basis functions are selected from L additional libraries O = UZ, £; one at a time. At
each step k, denote the sequentially selected basis functions as ¢ for k=m+1,..., M.
Let By = {¢1,...,0x} for k =m, ..., M, where B,, = Ly. Write “model B;” for “a linear
combination of the basis functions in B;”, and also M}, for the modeling procedure that
includes both basis functions selection and estimation steps.

There are two variations of the BSML procedures in [Sklar et al.|(2013): BSML-C and
BSML-S. The basic idea of the BSML-S procedure is as follows: at each step k, it first
selects the best basis function from each library £; for [ = 1,..., L to form a candidate
set; it then selects the best basis ¢ among these candidates according to a criterion such
as the DPC in ; finally, it uses either the CIC or GCV criterion defined in ({1.60)
and respectively, to select the best model By, for m < k* < M.

The BSML-C procdure is a simplified version of BSML-S. At each step k, it selects the

best basis function from the combined non-null libraries @. The final model By~ is chosen

to minimize either the CIC or GCV criterion defined in (1.60]) and (|1.61)) respectively, for

m < k* < M. The difference between BSML-C and BSML-S is that BSML-C does not
distinguish between the selection costs of basis functions from different non-null libraries
in the forward selection, so in general it is outperformed by BSML-S.

The crucial quantity used in computing various selection criteria is the GDF ({1.48]).
In the BSML procedures, the GDF is estimated using the same Monte Carlo method
discussed in Section [I.7.1] As mentioned earlier, GDF is a good measure of model
complexity, but is computationally costly to estimate when an analytical formula is not
known. The BSML-C procedure combines the non-null libraries together, therefore the
GDF estimates that need to be computed are {D(My,s1), ..., D(My)}, where M, is
the modeling procedure at the kth step of forward selection. Hence, the Monte Carlo

algorithm is called M —m times in the BSML-C procedure. For the BSML-S procedure,
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however, because it treats different libraries separately, things become more complicated.
Two different types of GDFs are computed. One is the basis selection cost within each
library, denoted as ZA?(/\/(,C,Z), for [ = 1,...,L, where M is the modeling procedure
that selects the basis function 1/11(12 in the [th non-null library given the model Bj_; and
performs the estimation based on Bj_4 U{wl(l;?} The other is the average selection cost for
each library, denoted as lA)(/\/l,(cl)), where /\/l,(f) is the modeling procedure that selects k—m
additional basis functions {¢; ;,,7 = 1,...,k—m} one at a time from library £; given the
model B,, and performs the estimation based on B, U (Uf;;ﬂ {©15}). Hence, with the
same upper bound M on the total number of basis functions to be selected, the BSML-S
procedure calls the Monte Carlo algorithm 2L - (M —m) times. If L is large, the BSML-
S procedure becomes very computationally demanding. For this reason, application of
the BSML procedure mainly focuses on the univariate case only, with small number of
libraries.

Here we give the details of the BSML-S procedure. At step k, where k € {m +
1,..., M}, the procedure first selects a basis function %(12 for each [ € {1,..., L} among
the remaining basis functions that have not yet been selected in library £;, to maximize

the reduction in the RSS:

v = argmax  {RSS(Bi-1) — RSS(Bi1 U {v})}. (1.56)
YeLNB_,

Then among these candidate basis functions ¥ = {w?j}l, . ,w(Lk}L}, the BSML-S pro-

cedure selects the one ¢ € V) to minimize the doubly penalized criterion, i.e.,

¢ = argmin DPC(y"), (1.57)
77/}1(03 € \Ijk
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(1.58)

Introduction

and

DPC(y(4) = RSS (Bt U {uf)}) + 102 D(My) + 20 An( L),
where D(M,) is the selection cost for @/11(12 in the Ith library at step k, Ay(L;) is the
estimated IDF for the [th library up to step k, and ¢y, ¢y are constants. The BSML-S

(1.59)

procedure computes Ak([,l) using
() = DMY) —m
k\~1) — kL —m )

where ﬁ(Mg)) is the average selection cost for the [th library up to step £, as introduced

previously. [Sklar et al. (2013)) suggested ¢; = In2 and ¢; = 2. See the supplement

materials of |Sklar et al.| (2013)) for the estimation of 2.
In the elimination step, the covariance inflation criterion (CIC) or the generalized

cross-validation (GCV) criterion can be used to select the final model. As shown in ((1.53]),

MSE(B},) = E(RSS(B},)) +2C(My) —no?. Hence, the covariance inflation criterion (CIC)

can be defined as follows:

CIC(k) & %RSS(B,Q + %C(Mk)
(1.60)

1 2
= —RSS(Bk) + EO'QD(Mk),

which is an unbiased estimate of MSE(B},) + 2. In practice, 0% and D(M},) are replaced

by their estimates. The GCV criterion is defined as
S (g — f(x:))? RSS(By)

GOV(k) = = = . 1.61

(k) (n — D(My))? (n — D(My))? (1.61)

To estimate the GDF D(My,) in each of (1.60) and (1.61)), the following approximation
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is used:

k k
DM = m+ > D, 1Bi) 2m+ > maX{D(Mh,lh)—(h—1),1}. (1.62)

h=m+1 h=m+1

Putting all things together, the algorithm of the BSML-S procedure is as follows:

The BSML-S procedure

1. Initialization: Set B,, = Ly and let M be an upper bound on the number of

basis functions to be selected (including those in Ly).
2. Forward selection: for k=m+1,..., M, do

(a) Select within each library: for I =1,... L, do

i Select %(12 € L; according to (|1.56]).

ii Estimate GDFs as needed: compute D(Mkl) and 15(¢§];3|Bk_1)
(b) Select between libraries: select ¢, € ¥y, to minimize (L.58).
(c) Update: By = Br_1 U {¢x}.

3. Elimination: choose k*,m < k* < M, as the minimizer of the CIC in (1.60]) or

the GCV criterion in ((1.61)).

In comparison, here is the BSML-C procedure:

The BSML-C procedure

1. Initialization: Set B,, = Ly and let M be an upper bound on the number of

basis functions to be selected (including those in Ly).

2. Forward selection: for k=m+1,...,M, do
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(a) Select ¢, among the basis functions not yet been selected in O to maximize

the reduction in RSS:

¢, = argmax {RSS(By_1) — RSS(Br_1 U {¢})}. (1.63)
beONBS

(b) Update By, = Bi_1 U {¢}.
(¢) Estimate D(M},) and C(My).

3. Elimination: choose k*,m < k* < M, as the minimizer of the CIC in (1.60]) or

the GCV criterion in ([1.61]).

Therefore, we can see that in BSML-C all non-null libraries are combined together, so
there is no need to select bases and estimate the GDF's separately for each library. This
will reduce computation burden, but can sometimes be a disadvantage, especially when
the libraries used are very different in nature and need to be treated separately. The
performance comparison of BSML-S and BSML-C based on simulations will be presented
later in Section 2.11

Compared to other methods such as HAS and MARS, the better performance of the
BSML procedure in terms of the estimation of the true function f, when the true function
is spatially inhomogeneous, comes from using the GDF to estimate the costs of selecting
additional basis functions, and including multiple libraries so that better basis functions
can be selected. However, it still has two drawbacks. First, the search of candidate
basis functions at each forward selection step (as given in and ) is greedy.
The procedure only allows one candidate basis to be selected after each step. Second,
the computation burden of estimating the GDFs is heavy, especially for the BSML-S
procedure. In Chapters 3, we develop a new procedure that is less greedy in the forward

selection, and at the same time more computationally feasible while still treating bases
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from different libraries separately.
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Basis Selection from Multiple

Libraries Using Adaptive LASSO

2.1 Adaptive LASSO Basis Selection

As we mentioned in Section the adaptive LASSO method can be used for
variable selection because the L; penalty shrinks small coefficients to exact zero. Unlike
the regular LASSO method, adaptive LASSO allows different penalties for the coefficients
by assigning different weights to their L; norms. Consider the same nonparametric
regression problem as in ((1.22)) where f(x;) is approximated by a linear combination of

basis functions, i.e.,

k" L
f(lﬁl) = Zﬁj£]($z), for fj c U,Cl, (21)
j=1 1=0
where {&1,...,&,} are the null bases from Ly, and {&,,11,...,&} are selected from

{L1,...,Lr}. Then we may apply the adaptive LASSO method in this basis selection
setting, because each basis function needs to be penalized differently.

For the simplicity of discussion, assume that there are 3 libraries: Ly, £, and Lo,
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where L is the null library and all the basis functions in it are automatically included
in every model considered. Here is how we apply the adaptive LASSO method to select
basis functions. First, a total of M basis functions are preselected in O = UZ L; to

maximize the reduction of RSS at each step:

p® = argmax {RSS(By_1) — RSS(Br_1 U {v})}, (2.2)

peOnB;
for k = m-+1,..., M, where B,, = Lo, and B, = Bp_1U{®®}. Let & = {yp(m+D) (M)}
be the set of preselected non-null basis functions. Also, let dy be the reduction of RSS

after ©/*) is added to the model Bj_1, i.e.,
dp = RSS(Bi—1) — RSS(Br_1 U{v®}), k=m+1,..., M. (2.3)

Then consider the following objective function:

n

M 2
> (yl =D b w(k)(wi)) + > Md; 7B + > Aady | Bel,
=1 k=1 {j:9W) e&ENLy) {£:90 c &Ly}

(2.4)

where {1, ... 4™} = Ly, and A1, A2,7 > 0. Based on (2.4), we can see that the bases
in Ly are not penalized, and the penalties of other preselected bases are inversely related
to the reduction of RSS caused by adding each basis. Compare to the objective function
in , here we use the weights Wy, = d, ", instead of wy, = \B,‘;lﬂ_” as proposed in |Zou
(2006), because the former works better in our simulations. Note that, in contrary to
the linear models, the goal here is to estimate the nonparametric function f rather than
the parameters ;,’s. We also tried the SEA-LASSO proposed in |Qian and Yang (2013),
where the weights in the adaptive LASSO are adjusted by the standard error s, of Bgls,

ie., p = (sg/|B2%])77, since the basis functions from the same libraries can be highly
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correlated. However, the performance is still not as good as that using the reduction of
RSS in and ([2.4). The logic behind assigning weights proportional to the reduction
of RSS is analogous to selecting candidate basis functions according to the reduction of
RSS. Bases that are important should cause a big decrease in RSS when they are added
to the model, so they should be penalized less. On the other hand, the coefficients of
bases that make little contribution in reducing the overall RSS will be shrunk to zero.
We also penalize non-null libraries differently by assigning tuning parameters to each of
them, e.g., A\ and Ay in . This controls the selection of basis functions from different
libraries when they achieve similar reductions of RSS. The parameters A; and A\, are

tuned by using the criterion in (2.5)).

2M=m when we consider

The upper bound on the total number of candidate models is
all the combinations of non-null preselected bases. Let (A1, A2,) be the vector of tuning
parameters. Let # = {Mj,..., M,} be the set of all candidate models from minimiz-
ing for A1, A2, € Ry. Then the final model is chosen to minimize the Bayesian

Information Criterion (Schwarz| (1978))):

BIC(M;) = nlog RSS(M;) + log(n)|M,], (2.5)

where RSS(M;) is the RSS of the ordinary least squares fit of the model using the basis
functions in M;, and |M,]| is the number of basis functions contained in M,. We used
the BIC for model selection as suggested in (Qian and Yang| (2013). In practice, we
only consider a finite grid of points for the three tuning parameters. The BIC is then
minimized over all the combinations of tuning parameter values.

The whole procedure is summarized below.

35



Basis Selection from Multiple Libraries Using Adaptive LASSO Chapter 2

The Adaptive LASSO Basis Selection (ALBS) Procedure

1. Initialization: Set B,, = Ly and let M be an upper bound on the number of

basis functions to be preselected (including those in Ly).

2. Preselection: for k=m+1,..., M, do

(a) Select ¢ according to (2.2). Set By, = By_1 U {x®}.

(b) Compute the reduction of RSS dj, defined in ([2.3]).

3. Elimination: For each combination of tuning parameter values (A, Ag,7) in a
discrete grid, obtain the candidate model by minimizing the adaptive LASSO
objective function in (2.4), and add it to the candidate model set .#. Choose
M+ € A to minimize the BIC in (2.5).

2.2 Simulations to Compare ALBS, BSML, and HAS

We use similar simulation studies as in |Sklar et al. (2013)) to compare the performances
of the ALBS and the BSML procedures. We use the same six univariate test functions
and libraries of basis functions, which are given in Table and 2.2 We use the same
notations as in Table to represent the libraries. The test functions are plotted in

Figure 2.1

We can see that all of the test functions are spatially inhomogeneous. It is therefore
difficult to estimate them using only one class of basis functions. In particular, the Sine-
Jumps, Heavisine, and Blocks-Curves are discontinuous at certain locations. The design
points used for all simulations are the grid points {x; = i/n : i = 1,...,n}, where the

sample size is n = 512. The knots used in the libraries Ps,Cs, To, To are grid points
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Table 2.1: Test functions used in simulations.

Function Name | True Function f(x) SD(f)
Sine-Jumps sin(27x) — Lo.5,1)(2) + Lo.25.1] (%) 1.003
Heavisine 2.2[4sin(4mzx) — sign(z — 0.3) — sign(0.72 — z)] 6.294
Blocks-Curves | 1j.2,0.4)(2) + exp[(z 4+ 0.5)] 11407 (2) — 211971 (x) | 1.461
LW6 sin[2(4z — 2)] + 2 exp[—256(x — 0.5)?] 0.839
LW7 (4z — 2) + 2exp[—256(z — 0.5)?] 1.265
Poly-Sine sin(167x) — 8(z — 0.5)* + 8(z — 0.5)1(0.5,1)(2) 0.840

Table 2.2: Libraries of basis functions used in simulations. Notations of basis libraries

can be found in Table [L.1l

Function Name | Basis Libraries

Lo | L1 | Ly
Sine-Jumps Uy Po To
Heavisine Uy Ps To
Blocks-Curves | U C To
LW6 U |G | T
LW7 U Cs Tz
Poly—Sine L{l ]:8,25 75

{j/n, j=4,...,n—3}. The response variable is generated according to:
yi=f(x) e, i=1,...n, &....e0 < N(0,0%), (2.6)

where o is chosen such that the signal to noise ratio (SNR) defined as SD(f)/o is fixed

at 4 for all six test examples, and SD(f) is defined as
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Figure 2.1: Six test functions used in simulations.

We used 100 test sets to compare the performances of four procedures: BSML-S,
BSML-C, HAS, and ALBS. Both the HAS and the BSML-C procedures use the combined
library £1UL, in the forward selection, the difference is that BSML-C estimates the GDF
by the perturbation method at each step, while HAS fixes the IDF of each selected basis
function at 1.2. Although ALBS also carries out the preselection with the combined
library, at the following elimination stage it treats the bases from £, and £, differently
by imposing different penalties on them. To make a fair comparison between HAS and
ALBS, we used the BIC criterion for the model elimination in the HAS procedure. The

performance of all procedures is measured by the mean squared error (MSE):

n 2

MSE() = - 3 [ — f(x)] (28)

=1
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We used the R package glmnet (Friedman et al.| (2010])) to obtain the adaptive LASSO
estimators in the ALBS procedure. We specified the values each tuning parameter can
take as follows:

ye{e:i=—5—-45-4,...,2,2.5 3}, (2.9)

A
A—2 €{0.1,0.2,...,0.8,0.9,1,1.5,2,...,4,45,5}, (2.10)
1

and A\; values are grid points decided automatically inside the R function glmnet, with
the default nlambda = 100. In the default setting of glmnet, the tuning parameter
sequence lambda is linear on the log scale from lambda.max down to lambda.min, where
lambda.max is the smallest value for lambda such that all the coefficients are zero, and
by default lambda.min = 0.0001x lambda.max. See the glmnet vignette (Hastie and
Qian (2014)) for more details. Therefore, the A\; values determined inside the glmnet
function are different for the six test functions, because for each example the lambda.max
is different.

For each combination of v, A, and \s, function glmnet returns a candidate model,
which is then added into the candidate model set .#. For the other three procedures
HAS, BSML-C, and BSML-S, the R package bsml (Wu et al.| (2012))) was used. For
all procedures, the maximal number of bases M was fixed at 30. Figure shows the
boxplots of the MSEs of 100 test sets using each procedure.

We can see from Figure that ALBS had similar performance as HAS for the
Blocks-Curves, Heavisine, LW7, and Poly-Sine examples. Although ALBS and HAS
preselects exactly the same M basis functions, the set of candidate models considered
in ALBS is usually larger than that in HAS. This is because ALBS also penalizes bases
differently based on the libraries they are from, so the candidate models returned from the
adaptive LASSO algorithm include additional models besides B,,, ..., By;. However, this
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Figure 2.2: Boxplots of the MSEs of 100 test sets using BSML-S, BSML-C, ALBS, and HAS.

did not help the overall performance of the ALBS procedure according to our simulations.

ALBS performed worse than the BSML-C procedure (in most cases), especially for the

Block-Curves and Heavisine examples. This makes sense because ALBS does not use

IDF in the model selection, so in general it tends to select more basis functions than

necessary. For example, for the Block-Curves and Heavisine examples, on average BSML-

C selected 7 and 12 bases respectively, while ALBS selected 9 and 16 bases respectively.

Not surprisingly, the BSML-S procedure had the best overall performance, because it

treats the bases from £; and L, differently, both in the forward selection and in the

model elimination with adaptively estimated GDFs.

40



Basis Selection from Multiple Libraries Using Adaptive LASSO Chapter 2

2.3 Adaptive LASSO Basis Selection with Estimated

IDF

As we found in the last section, the ALBS procedure did not perform as well as
the BSML procedure. One of the reasons is that ALBS does not use IDF in the model
selection, so that it can overfit the data by selecting too many basis functions. To
overcome this drawback, we propose a slightly different version of the ALBS procedure
by incorporating the adaptively estimated IDF for each library.

Now in the preselection, the same perturbation method mentioned in Section [I.7.1]
is used to estimate the IDF of each preselected basis. Let ﬁ(Mk) be the estimate of
GDF for model B;. We fixed the IDF of the null bases to be 1, so that D(M},) = k for
kE=1,...,m. Let ¥, = &N L, for | = 1,2. Then the IDF of library £; is estimated

using:

ﬁ__)\F(El) = Imax Z (b(/\/lj) - D(Mj_1>) y 11. (211)

{790 e vy}

1
W
In the model elimination stage, it uses the following modified BIC to select the final

model:

BIC(M,) = nlog RSS(M;) + log(n) (m + |M; N Ly IDF (L) + [M; N Lo ﬁ‘(ﬁg)> .
(2.12)

The new procedure is referred as the ALBS-2, which is summarized below.

The ALBS-2 Procedure

1. Initialization: Set B,, = Ly and let M be an upper bound on the number of
basis functions to be preselected (including those in Lg). Set D(M) = k for

k=1,...,m.
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2. Preselection: for k=m+1,..., M, do

(a) Select ) according to (2.2)).
(b) Compute the reduction of RSS dj, defined in ([2.3]).

(¢) Estimate D(M},) using the perturbation method.

3. Elimination: For each combination of tuning parameter values (A1, Ag,7) in a
discrete grid, obtain the candidate model by minimizing the adaptive LASSO
objective function in ({2.4)), add it to the candidate model set .#. Estimate the

IDF of each non-null library using (2.11). Choose M+ € .# to minimize the

BIC in ([2.12).

2.4 Simulations to Compare ALBS-2, BSML, and
HAS

We did a similar simulation study as in Section [2.2] to see if ALBS-2 performed better
than ALBS. Same 100 test sets were used. The number of perturbations 7" in the Monte
Carlo algorithm was fixed at 50, and the perturbation standard deviation was set at

7 = 0.56, where 6 was the Rice estimator of o (Rice (1984))):

n

1
T Rice = A | =~ i — Vi) 2.13

The boxplots of the MSEs are shown in Figure With the adaptively estimated IDFs
for each library, ALBS-2 performed better than ALBS in the Blocks-Curves, Sine-Jumps,

and Poly-Sine examples. Recall that for the Blocks-Curves and Sine-Jumps examples,
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Ly, and Lo contain spline representers and step functions respectively. Thus, for these
two examples a bigger IDF for Lo relatively to £; helps ALBS-2 to select fewer step
functions when choosing the final model. In the Blocks-Curves example, the average
IDFs of £; and Ly were 2.54 and 3.96 respectively. In the Sine-Jumps example, they
were 1.88 and 3.98 respectively. Based on the 100 test sets, on average ALBS selected 4.55
bases from L, for the Sine-Jumps example, and 6.73 bases from L, for the Blocks-Curves
example. When ALBS-2 was used, however, these two numbers reduced to 2.03 and
3.08 respectively. The BSML-S procedure was still the best in all examples, but for the
Blocks-Curves, Sine-Jumps, and Poly-Sine examples the ALBS-2 procedure performed
almost as well. The biggest difference performance-wise between ALBS-2 and BSML-S
is with the Heavisine example. The main reason is that for this example, both ALBS-2
and BSML-C combine £, (periodic spline representers) and Ly (step functions) in the
preselection process, while the BSML-S compares the cost of selecting bases from £,
and from L, at every step to decide which library to choose from. For the Heavisine
example, when BSML-C, ALBS, and ALBS-2 were used, not enough bases from £; were
preselected, and hence fewer were chosen in the final model. This can be seen from Figure
2.4

The average CPU time of fitting one test set for each procedure and example used is
shown in Table 2.3] Overall, the ALBS-2 procedure does not have clear advantages in
terms of both performance and speed when compared to the BSML-C procedure. The
reason is that they share the same forward selection process, and only differ in how the
elimination is carried out.

Although the ALBS and ALBS-2 procedures we proposed so far are only for the
special case when there are two non-null libraries, they can be easily extended to general
case of L non-null libraries. However, the potential problem with our procedures is

that as the number of libraries grows, so does the number of tuning parameters. It
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can be easily seen that the number of combinations of gridded parameter values grows
exponentially in the number of libraries. Thus, the computation for the ALBS and
ALBS-2 procedures is prohibitive when there are too many libraries, for example in the
multivariate nonparametric regression case. Another drawback of the ALBS-2 procedure
is the way it estimates the IDF's. It is computationally expensive to have to estimate
the IDF's at each preselection step, with repeated perturbations. The BSML procedures
share the same drawback, especially BSML-S because it needs to estimate the selection

cost for each library as well.
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Figure 2.3: Boxplots of the MSEs of 100 test sets using BSML-S, BSML-C, ALBS,
and ALBS-2.
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example with 100 test sets using BSML-S, BSML-C, ALBS, and ALBS-2.

Table 2.3: Average CPU time (in seconds) based on simulations in Sections and

Blocks- | Heavisine LW6 LW7 Poly- Sine-

Curves Sine Jumps

HAS 3.01 2.92 2.94 2.92 0.77 2.93
ALBS 4.13 7.47 7.63 7.78 4.17 4.35
ALBS-2 7.08 9.62 9.31 9.29 5.59 6.70
BSML-C 8.93 9.29 9.26 9.23 4.30 9.22
BSML-S 51.85 51.33 51.70 51.37 28.81 51.20

Based on the simulations results, there are a few things we have learned so far. First

of all, each library needs to be assigned with a unique IDF that depends on the data.

Also, in the forward selection process, bases from different libraries need to be considered

separately. These findings are the main motivations for the look-ahead procedure we will

discuss in the next chapter. Because it is costly to estimate the IDF's, the look-ahead

procedure instead treats the IDFs as tuning parameters.

Meanwhile, the look-ahead

procedure evaluates the candidate bases from each individual library in forward selection,

and is less greedy in the searching process.
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Look-Ahead Procedure

3.1 Problems With Greedy Search

As mentioned in Section [I.7.1] one of the disadvantages of the BSML procedure is
that the GDF's need to be estimated at each step in the forward selection, which can be
computationally expensive. Another disadvantage of the BSML procedure comes from
its greediness in adding basis functions. At each forward selection step it performs a
greedy search for a single basis function that maximizes the reduction in the residual
sum of squares, i.e., it only looks one step ahead. This greedy (short-sighted) nature
may lead to the selection of a basis function that is not optimal in the long run.

We propose the look-ahead strategy to help alleviate the greediness in the searching
for basis functions. The idea of look-ahead is that when choosing the next moves, instead
of only evaluating the outcome obtained in a single step, we look further steps ahead and
inspect the performance of some extra potential moves. This approach has been widely
studied in the context of tree-search and constructive heuristics. See [Frost and Dechter
(1995), Bertsekas et al.|(1997)), and [Voss et al.| (2005). The look-ahead idea has also been

applied in sequential Monte Carlo method (e.g., Zhang and Liu (2002)), and in variable
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selection, e.g., |Zhang et al.| (2007), where multiple look-ahead steps are implemented in
the best subset selection.

Our look-ahead procedure is less greedy compared to the BSML procedure because it
considers more candidate basis functions when performing forward selection. Assuming
that there are L non-null libraries, then each time the procedure updates a current model,
it considers not only the best single basis function from each library, but also a second
basis function among all the bases that have not yet been selected, to form a pair with
the best single basis, yielding a total of at most 2L candidate bases. Hence, the search
space is much bigger than that of the BSML procedure at each update. This look-ahead
idea is important particularly in the multiple libraries setting because now it is possible
for two basis functions from different libraries to be selected together as a pair. The
optimal pair of basis functions may be different if we choose to select them one step at
a time, since in that case the selection of the second basis function is conditioning on
the previously selected basis function already in the model. Our look-ahead procedure
is a compromise between the most greedy one-step ahead procedure (e.g. BSML) and
exhaustive search which is computationally prohibitive.

Although one can also modify the forward selection in the BSML procedure to make
it look ahead, the increased search space will make the estimation of the GDF's even more
computationally expensive. We will develop a computationally feasible procedure that
does not require estimating the IDFs.

The look-ahead procedure mainly consists of two parts. The first is the forward
selection part and the second is the elimination part. Let’s focus on the forward selection

part first.

47



Look-Ahead Procedure Chapter 3

3.2 Forward Selection In the Look-Ahead Procedure

with Fixed IDF's

In the forward selection stage of the look-ahead procedure, the procedure takes in
some IDF tuning vectors as input and uses them in the calculation of a criterion for
building the candidate models. For now, let us focus on the scenario of building a
candidate model given a specific IDF tuning vector.

The BSML procedure selects one basis function at each step in the forward selec-
tion. In comparison, the look-ahead procedure can select either one or a pair of basis
functions to enter the model each time. Suppose that there are in total L + 1 libraries,
{Lo, L1, ..., L}, where Ly is the null library with m basis functions that will be included
automatically. Let B,, be the model that includes all the basis functions from the null
library, i.e., B,, = Lg. As the forward selection continues, more and more basis functions
are added to B,,, so we obtain a sequence of nested models. The maximum number of
basis functions a model can contain is set to be M E] Denote |S| as the cardinality of
a set S. Denote B_ as the model that will be updated next during the iterations, and
define index k as k = |B_| + 1. If there is at least one new basis function being added
to B_ after the update, then the number of basis functions in B_ will either increase
by one if one basis is selected, or increase by two if a pair of basis functions is selected.
Correspondingly |B_| will increase by either one or two at the next iteration.

We start with B_. = Ly and £k = m + 1. As long as k& < M, the look-ahead pro-
cedure performs the forward selection as follows. Suppose there are L_ libraries a-
mong {Ly,..., L} that contain at least one unselected basis function, denote them as

Loy, Ly, and O_ = UlL:’IL'(l). The procedure first selects an ordered pair of basis

IThis upper bound is the user-specified variable MAXBAS in the code.
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functions
¢, = argmax {RSS(B_) —RSS(B_U{¥})}, (3.1)
P e E(l) N B<
and
vo, = argmax {RSS(B_ u{ur}) - Rss(B-U {¢;,¢})}, (3.2)

Y eO_N[B-u{Y}]

for each [ € {1,2,...,L_} to form candidates. Let U~ be the collection of all candidate

singleton and pairs

L R SRR {7 N el SR (A P 3 (33)

where the first L_ candidates in are single basis functions from and the rest
are ordered pairs of basis functions. Here some pairs in ¥~ could be the same except for
order, and these redundant pairs are removed from W~. Then |U~| satisfies L_ + 1 <
|W—| < 2L_. Also, note that for the second basis function in these pairs, i.e., @Z)]l, it is
selected given 9, in the model, and it can be any non-null basis function that has not
yet been selected besides v, . This selection scheme is different from the one that selects
the second basis functions from each of the L_ libraries, i.e., the scheme that finds in

total $L_(L_ + 1) pairs to maximize the reduction of RSS,

(v} = ot {RSS<B> - RSS(Bu{wa,wb})} SCEY
¢b€£(,§)ﬂBC,

for 1 < ¢,k < L_. Then because |B_| =k — 1,

O-n{B_uU{y }}°
so for the scheme in (3.2)), it searches through |O_| — k 4+ m basis functions L_ times, or

= |O—|_k+m7

(|O—-| — k 4+ m)L_ in total. In comparison, for the scheme in (3.4)), it searches through
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('O‘H;erﬂ) = 1(J]O_] = k+m+1)(|O-| — k + m) basis functions. Usually, we have
L_ < 3(|O-| =k 4+ m+1), so that the first scheme requires much less computational
time. Of course, the trade-off of using is that the pairs of basis functions selected
may not be the optimal compared to these selected using . However, based on our
simulation experience, the improvement in terms of MSE is too small to justify the extra
computations required by the all pairwise search scheme.

After the look-ahead procedure obtains the candidate set U~ in (3.3]), we then select
.. € U™ to maximize the reduction of the BIC. Alternatively, other selection criteria
such as the AIC (Akaike| (1974)) could also be used. Let B; = B_ U ¥} be the jth

candidate model for j = 1,2,...,[W~[, where W} is the jth element of U™

{v7}, if1<j<L_,

{7, W ) HLo+1<j< [0
The BIC is defined as:
BIC(B;) = nlog (RSS(B;) ) + log(n)DF (B; ). (3.6)
where DF (B]_) is the degrees of freedom for model B defined as follows:

DF(B;) = DF(B_) + IDF(L(¢;))I(1 < j < L_)

+ [IDF(c(wj—_L_)) + IDF (c(@ijiL_))} I(L_+1<j<|o)),

(3.7)

where DF(B_) is the degrees of freedom of model B_, I(-) is the indicator function,

E(iﬂquL_) represents the library that the basis function wquL_ is in. DF(B_) can be
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computed using

DF(B_) = )+ Z IDF(L(&)) =m + Z IDF(L(&)), (3.8)
i=m+1 i=m+1
where &,41, -+, &1 are the non-null bases contained in B_. Note that DF(B,,) = m

because the IDF's of all the basis functions in the null library £, are fixed at 1.
Let W7, be the set in U™ such that the model B_ U W . has the lowest BIC, i.e., the

index 7* is chosen such that

j* = argmin BIC(B; ). (3.9)

1<5<|0 |

Alternatively, if AIC is used, (3.6) and (3.9) change into

AIC(B;) = nlog (RSS(B; ) ) + 2DF (B;) (3.10)
j* = argmin AIC(B ). (3.11)
1<5<|0 |

Note that if BIC(B;.) is greater or equal to BIC(B_), then this means adding the
basis set W, to the current model B_ will likely cause overfitting, so nothing should be
added to B_ instead, and the forward selection for the current model should be stopped.
Otherwise the procedure generates either one or two new candidate models depending
on how many bases are selected (corresponding to lIfj_) If 7 < L_, then the current
model is replaced with B_ U {@/)]_*} If j* > L_, then the current model is replaced
with B_ U {wﬁfL_aw]j*_L,}- To start the next iteration, B_ is set to be the updated
model, and & = |B_| + 1. As long as k < M, the same forward selection routine in

(3-1)), (3.2), (3.5), (3.6), (3.7), and (3.9)) is repeated with the new B_ and k. We can see

that different from the BSML procedure, the look-ahead procedure is able to stop the
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forward selection before the Mth step if the BIC starts to increase. This will help to
avoid the overfitting problem when building each model in the forward selection stage
and to reduce computation. Another difference of the look-ahead procedure is that it
can select two basis functions simultaneously when performing the forward selection, as
we have mentioned earlier.

If K = M, which means there are already M — 1 basis functions in the current model
B_, the look-ahead procedure will select at most one more basis function so that after
this step the number of basis functions in the model will not exceed M. The selection

criterion at this step is:

¢ = argmax {RSS(B_) —RSS(B_uU{y})}, forl<I<L_, (3.12)
(IS ﬁ(l) N B<
[* = argmin BIC (B, U {z/Jf}) (3.13)
1<I<L_

If BIC (B_ U {¢;}> < BIC(B_), then the procedure replaces the current model with
Bu{dr}

If K > M, the forward selection for the current model will stop.

3.3 Forward Selection Via Householder Transforma-
tion

To find the basis function in (3.1), (3.2), and (3.12), we need a fast algorithm to

compute the reduction of RSS when one or two new basis functions are added to a
model. We are going to use the Householder transformation as in BSML and HAS for
selection of a single basis function, and we will extend the computational methods to the

case of adding a pair of new basis functions.
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Seber and Lee| (2003) provides a good discussion of how to use the Householder
QR decomposition to calculate the regression coefficients and RSS efficiently. We will
summarize some results here.

Consider the linear regression model:

y=XpB+e, (3.14)
where y = (y1,...,y,) is the n x 1 response vector, X is an n X k design matrix of full
column rank E], B = (B1,...,0k) is the k x 1 coefficients vector, and € = (g1,...,&,)

is the n x 1 vector of random errors with zero mean and constant variance. The least

squares estimate B can be obtained by solving the normal equation:
X'X3=X'y. (3.15)
After B is obtained, the RSS can be calculated as:
RSS = €'e, (3.16)

where e =y — X B are the residuals. It is usually computationally expensive to compute
(X'X)~! directly when k is large. The idea is to transform X into an upper triangular
matrix, so that @ in ([3.15) can be solved by back substitution.

3.3.1 The Householder QR Decomposition

The Householder transformation can be used to transform the columns of X so that
the elements in the lower triangular will be all zeros. We now describe the Householder

transformation. Suppose we have an n X 1 vector & = (x1, 23, ...,x,)’, and we want to

2In our setting, the columns of X represent basis functions evaluated at design points.
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rotate it so that the 2nd through nth elements become zero in the rotated space without

changing the Euclidean norm of . Hence, in the rotated space = (||x||,0,...,0) =

|z||e1, where  denotes the vector after the rotation, || - || is the Euclidean norm, and
e; = (1,0,...,0) is the n-dimensional vector with only the first element nonzero. Define

a Householder vector
u=z—|z|e; = (21 — ||z, 22, ..., :cn)/, (3.17)

then & — u will be the vector after the rotation. As mentioned in |Seber and Lee (2003),
when calculating the first element, z; — ||&||, of u, severe cancellation would occur if zy
is positive and large compared with the other elements of . Thus, we use a slightly

different version of the Householder vector:

u” = x + sign(zy)|| | e;
(z1 + |||, 22, ..., xn)/, if 2, > 0,

(:El - kua Loy vy :En)/, if T <0,
where sign(z) is 1 if z > 0, and —1 if 2 < 0. Then the transformed vector becomes:

-~ *

r=Tr—Uu
= —sign(zy)]|z]|le;
(_||w||707"‘70)/7 1fl’120,

- (3.18)
(HZU”,O,...,O)/, lf.Tl < 0.

To make the Householder matrix defined later to have a simpler form, we scale u* so
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that it has FEuclidean norm 1:

*

. u
[w]
_ @ +sign(zy)|z]es (3.19)
V20l (] + 1))
( || + 21 | T o Tn ) —
_ Azl V2lal(fel+20) " V2ll(el+ =)
[l — 2. ry Ny
<— , e , ifxzy <O.
2l V2lllzl =20 VRl — )
(3.20)

Using  — ||u*||w to obtain the vector @ is equivalent to define the following House-

holder transformation matrix H, and then applying to :

H=1-2ww' (3.21)
It is easy to see that Hx = & by using the facts |w| = 1, £ = = — [|[u*||w, and
]| =[]
/ 2 / ~/
2w'e = (zc —w)az
[l
2 ~
= & E)
1 .
= T (2||:c|| — 2T w)
1 2 o ~ 12
1 ~
= e — ||
[[w]
1 *
= gl e
= [ [[[lw]®
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= .

Consequently, Hzx =z - 2ww'z
=z — wllu’
= .

The Householder matrix H has some nice properties. It is obvious the H is symmetric

and orthogonal:

H'H = H*
= (I — 2ww')(I — 2ww')
= I — 4ww' + 4w(w'w)w'’
= I — 4ww' + 4)|w|*ww’

=1.

We can utilize the Householder transformation to perform QR factorization. A rect-
angular matrix A € R™* with n > k can be factored into a product of an orthogonal

matrix Q € R™ " and an upper triangular matrix U € R™"** :

A=QU. (3.22)

This factorization is referred to as the QR factorization. Note that if A has full column
rank, then by Theorem 5.2.2 in |Golub and Loan| (2013)) the “diagonal” elements of U
are nonzero, i.e., U(j,j) # 0 for j = 1,... k. We assume A to have full column rank
from here on. To transform A into U, the Householder transformation can be applied

to “zero-out” certain elements for the columns in A. Here is how it works. Denote the
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columns of the rank-k n x k matrix A as: A(:,1), A(:,2),..., A(:, k). First, choose H;
to zero out all but the first element of A(:,1). Following (3.19) and (3.21)), let

A(. 1) +sign(AQL D) AG Dller
V214G DI(IAG D + A1, 1))

H1 = In — 2'w1’w'1, with wi =

(3.23)

where A(1,1) is the element in the first row and first column of A. Premultiplying A by

H, gives

1 Tz o Tk
Ay

with r;; = —sign(A(1,1))[JA(;,1)||, and m; = Hq(1,:)A(,j) for 2 < j < k. Next

consider a matrix Ho of the form

where K5 is an (n — 1) x (n — 1) Householder matrix chosen to zero out all but the first

element of the first column of the submatrix Ay, i.e.,

Ai(:,1) +sign(Aq(1,1))[[Ax(:, 1)l ex
\/2||A1 DII(A G DI+ A2, 1))

K2 = In—l — 2’(02’(0,2, with wo = s (324)
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We get

i Ti2 Tz - Tk

0 rog 7oz - T

H-HA=] 0 0 ,
. . A,

0 O
with 799 = —sign(A;(1,1))||A1(:,1)||, and r9; = Ko(1,:)A; (5,5 — 1) for 3 < j < k. If we

continue analogous steps, the last premultiplication matrix is:

1 0 0
0
Hk: )
1 0
0 --- 0 K,

where Ky is an (n — k + 1) x (n — k + 1) Householder matrix chosen so that the last

n — k elements in the kth column of Hy, --- H{ A are all zeros. Therefore, we have:

1 Ti2 Tz o Tig
0 rog Tog --- Top
0 733 -+ T3
R : : 0
H.H, - HA=|—/=| . . .
0 : : : Thk
0
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Here R is an upper-triangular matrix. We define H; as

H,, if j=1,

Hi={ (1., o (3.25)
. if2<j<k

Note that H? = H;-Hj =TI, for j = 1,...,k, because of the symmetric and orthog-
onal properties of the Householder matrices. If we define Q = (HyHy_1---H;) =

H . H;--- H,, then we have the Householder QR decomposition:

A-0Q <R> (326)

since

A=T1,A
=H?A
— H\I,H,A
— H,H,H,H, A
— H\H,I,H,H,A

=HH,H;H;:H,H, A

— (H,--H)(Hy-- - H,A)

o(m)

Note that @ is orthogonal, because it is a product of orthogonal matrices H ;’s. Further-
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more, @ can be written as Q = (Qk, Q. k), where Q,, isn x k and Q,,_, isn X (n— k),

so that
R
A= (Qka ank) <0> = QkR'

For the linear regression setting as in (3.14)), let A be the n x k design matrix X with
full column rank, i.e., A = X, then by (3.26)) for the augmented matrix (X,y) we have:

(X,9) = (QuQ._y) (R ) , (3.27)

0 T9

where R is a k X k upper triangular matrix, r; is a k x 1 vector, and ry isa (n — k) x 1

vector, with

T ,
( >:Qy:Hk;ch—1"'H1y7
ro

/

i.e., (r],r}) is obtained by premultiplying the transformation matrices Hy, ..., Hy to

y. Multiplying out and equating both sides of (3.27)) gives

X =Q.R, (3.28)

Yy=Q,r1+ Q,_iT2. (3.29)
Thus, the solution 3 to the normal equation (3.15) is

B=(X'X)" X'y
= (RQ,Q,R)'RQ,(Q,r1 + Q, _;72)
— (RR)'R'r,

=R 'r, (3.30)

where we used the facts that Q,Q), = I), and Q},Q,_, = 0 because Q = (Q;, Q,,_;) is
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an orthogonal matrix. Equation (3.30) means ,é is the solution of RB = 7. Because R

is upper triangular, B can be solved by back-substitution fairly easily:

B = m1(k)/R(k, k),

(3.31)
5j = Tl(j) - Z?’szrl R(]aj/)ﬁj’:| /R(j>])7 for ] =k— 17 ceey 27 L.
In addition, the residuals e and the RSS in (3.16)) can be written as:
e=y—Xp3
= Qk'rl + Qn_kTQ - QkRR_l'f'l
= Qn—er
0
= (Qk> ank)
T2
0
o(?).
T2
so that
RSS = |le]?
= (0',75)Q'Q(0, 7))’
= (0", 75)(0", )’
= ryr). (3.32)
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3.3.2 Adding A Single Basis Function Using Householder QR

Decomposition

Using the Householder QR decomposition, we can easily compute the reduction of
RSS as in (3.1) and select a single candidate basis function from each library. Sup-
pose for the current model B_, the basis functions (including the m bases in L) are
B_ = {¢1,...,05-1} where £ > m. Let Xy_1 = (x1,...,2,_1) be the design matrix
corresponding to the basis functions in B_, where the column vector x; is the basis
function ¢; evaluated at the design points for each j € {1,...,k —1}. Let H; be the
transformation matrix as defined in , and

Q=H.H, H_, (3.33)
then similar to (3.27) we have
R T
(Xe1y)=Q | 0 ra |, (3.34)
0 T3

where (7],72,75) = Q'y. Note that here r; and r3 are vectors with length k¥ — 1 and
n — k respectively, while ry is a scalar. Now we want to add a new basis function ¢ to
B_, which corresponds to adding a new column x to X 1. Let ¢ = Q' = (¢}, ¢2, ¢5)’

where ¢, ¢2, and g% have the same dimensions as 7/, rs, and 7, respectively. Then we
1 ) 3 1 ’ 3

have
R q, ™
(Xp-1,2,y)=Q | 0 ¢ r |- (3.35)
0 g3 73
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To compute the reduction of RSS caused by adding this new basis function, we can
apply a Householder transformation to zero out g4. Let K be the Householder matrix
for ¢ = (q2,45%)’, and let ¢* = Ke = (¢3,0')". Let d = (ry,75) and d* = Kd = (r,r3')".

Then by the result in (3.32)), we have

RSS(B_) =d'd = (K'd*) (K'd") = (d')KK'd" = (d")d’
= (r3)* + (r3)'(r3)

= (r3)> + RSS(B_ U {¢}). (3.36)
Therefore, the reduction of RSS in is:
ARSS = RSS(B_) — RSS(B_ U {v}) = (r3)*. (3.37)

However, it is not computationally efficient to use directly to compute the reduction
of RSS when v is added to B_. The reason is that in order to find ¢, in (3.1)), we
need to compute ARSS for each of the individual basis functions ¢ € L N BS, but
the Householder matrix for each of them is different, so if we use directly we
need to construct the Householder transformation ‘L’(l) N Bi‘ number of times, for each
le{l,2,...,L_}.

There is a more convenient way to compute ARSS without applying the Householder
transformation for ¢ explicitly. Denote K(:,1) as k, and K(:,2 : (n —k + 1)) as K,,

then we have:

(c,d) = (k,K,) (q; Tg) . (3.38)

*
0 73

Multiplying out and equating both sides of (3.38) gives

c = ¢k,
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d=rk+K,r;.

Therefore,

dd =gk (r;k + K, 73)
= q373 + KK 7}
= qa73,

c'e = (gK') (43K)

= (g3)*,

where we used the fact that the Householder matrix K = (k, KT) is orthogonal. Hence,

according to (3.37) we have

'd 2 / 2
ARSS = (r3)? = <cc,c) CURL O (3.39)
7% + 4393

If we use to compute ARSS, then there is no need to apply any Householder
transformation for the basis functions that have not yet been selected, i.e., ¥ € LN B<,
in finding ¢, foreach l € {1,2,..., L_}. Therefore, foreach ! € {1,2,...,L_}, to find ¢;”
in L) N BS that maximizes the reduction of RSS, first the Householder transformation
based on the basis functions already in B_, namely {¢1,...,¢r_1}, is used to obtain
the quantities ¢, g3, 72, and r3. Then ARSS in is computed for all unselected
basis functions in L) N BS, and the one with the largest reduction of RSS is chosen
to be candidate basis function ¢,. Suppose ¢, is the basis function selected among all
the candidates at this iteration. At the next iteration, the Householder transformation

for ¢, is applied to obtain the transformation matrix Hj. The design matrix becomes
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X = (Xg_1,xk), where xy, is ¢y evaluated at the design points. The matrix @ at this
iteration becomes Q = H1H;--- Hy. ARSS in (3.39) can then be computed similarly
with the updated quantities g, g3, 72, and 73, and used to select {1[)1_, e ,w;_} at this

iteration.

3.3.3 Adding A Pair of Basis Functions Using Householder QR

Decomposition

We use the same idea as in the previous section to compute the reduction of RSS
when a pair of basis functions are added to the model B_. Let {i1,12} be any pair
of new basis functions, and let  and z be v, and vy evaluated at the design points

respectively. Using the same definition of @ in (3.33)), then similar to (3.34)), we have

R T
0 r
(Xi-1,9) = Q | (3.40)
0 T3
0 T4

where (7], 79,73, 7)) = Q'y, the column vectors r; and 7,4 have length k—1 and n—k—1
respectively, and both 7y and r3 are scalars. Let p = Q'x = (p},p2,p3,p}) and q =
Q'z = (4}, 2,43, 4),) where p, and g, are column vectors with length k£ — 1, and p, and

q, are column vectors with length n — k — 1, then similar to (3.35]) we have

R p ¢ ™
0 p2 @ 1
(Xk,l,w,z,y) =Q (3.41)
0 ps g3 13
0 p, q, T4
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Denote b = (p2, p3,P}), € = (q2,93,q})’, and d = (r9,73,7))". Let K be the Householder

matrix for b, then we have

P @5 T
K(bc,d) = (KbKe,Kd)=| 0 ¢ ], (3.42)
0 q; 7

Denote ¢* = (g3, (qj‘l)’),, and d* = (r3, (rj)’)/. Let K* be the Householder matrix for ¢*,

then we have

K (¢, d) = (K¢, K'd)=® ). (3.43)
0 ry

From (3.42)), we have

From (3.43)), we have

Thus, using the result in (3.32) and also the facts that KK’ = I and K*(K*)' = I, we

have

RSS(B_) = d'd
_ (r;, (d*)') KK’ (;)
= (1) + (@) d
= ()" + (5" () ) KO (K ()

= ()" + ()" + (ri)' Y’
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= (r3)* + (5")* + RSS(B- U {¢1, })
Therefore, the reduction of RSS by adding {1, 12} to model B_ is:
ARSS = RSS(B-) — RSS(B_ U {1, ¢0}) = (ry)* + (r5%)*. (3.44)

Same as before, we want to avoid applying the Householder transformations for 1,
and 1y explicitly. Denote K(:,1) as ky, K(:,2) as kg, and K(:,3: (n —k+ 1)) as K,,

then we have

Py @ T3
(b7 C, d) = (kla k27 Kr) 0 q; T; 5 (345)
0 q; r}

Multiplying out and equating both sides of (3.45) gives

b= pik,, (3.46)

c= gk + ¢k + K.ql, (3.47)

d =rik; + riks + K,r}. (3.48)

Therefore,

(Vb = (p3)°, (3.49)

b'e = pig, (3.50)

b'd = pir;, (3.51)

ce=(g3)" +(a3)° + (a1)'qi = (3)° + (€)', (3.52)

[ c'd = qg5r5 + @515+ (q1) i = gz + () d, (3.53)

where we have used the facts that (k;)'k; = (ko)'’ks = 1, (K,)K, = I, (k;)'’ks = 0, and
(k1)'’K, = (ko) K, = 0 because the Householder matrix K = (ki, ko, K,.) is orthogonal.
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Similarly, denote K*(:,1) as k*, and K*(:,2: (n — k)) as K, then we have

*k
0

(c*,d") = (K", K?) (q;;* TS*) . (3.54)

Multiplying out and equating both sides of (3.54)) gives

{ c’ = q¢;'k", (3.55)
d =r;k* + Kir)" (3.56)
Therefore,
(c)e" = (a5"), (3.57)
(e)d" = g3'ry", (3.58)

where (k*)’k* = 1, (K})K! = I, and (k*)’K} = 0 because of the orthogonality of the

Householder matrix K* = (k*, K*). By (3.49) and (3.51)), we have:

o, (bd)y?
(r)? = % (3.59)
By (3.49) - (3.51)),
. be)? ., (be)(bd
@ =T gy = OO0, (3.60)

Thus, using (52), (B:53), and (B60), we have

b'c)?
(c)c*=ce—(¢3)* =cc— %, (3.61)

(be)(b'd)

(e)d =cd—qgry=cd— Vb

(3.62)
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Hence, by (3.57)), (3.58)), and also the results in (3.61]) and (3.62)), we have

o (eya)’

P (e)e
ERCHICEN
- (c d— T )
= o (b/C)Q
v'b 2
(Bb)(d) ~ (be)(b'd)|
= . (3.63)
(b'b) | (bB)(c'e) — (be)?]
Therefore, by , , and , we have
ARSS = (5)2 + (r3*)?
wap | ®)d) - ve)bd) ’
- bbb t / / /
(6'b)|(v'b) () - (b'e)?]
(b'd)*(c'c) + (1'b)(cd)® — 2(c'd)(b'c) (b d) 3.60

(b'b)(c'c) — (b'e)? ’

where b = (p2,ps3, p}), ¢ = (q2,43,q})’, and d = (rq,r3, 7)) as defined earlier.

Similar to the situation in Section [3.3.2] to add a pair of basis functions to B_,
first the Householder transformation based on the basis functions already in B_, namely
{b1,...,Pr-1}, is used to obtain the quantities b, ¢, and d for each pair of basis functions
that are considered. Then ARSS in is computed for each pair of basis functions,
and the pair leading to the largest reduction of RSS is selected to be candidate pair. In the
look-ahead procedure, a candidate pair has the form {1/}[, wa}, forl €1,2,...,L_, where
Y, € Ly N BS. Suppose the pair {¢y, ¢ri1} is selected among all the candidate basis
functions at this iteration. At the next iteration, the Householder transformations for ¢
and ¢y, are applied to obtain the transformation matrices H; and H . respectively.
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The design matrix becomes X1 = (Xg_1, Tk, Try1), where x;, and xp, are ¢ and
¢ry1 evaluated at the design points respectively. The matrix @ at this iteration becomes
Q =HH,  --H.H,.,. ARSS in (3.64) can then be computed similarly with the

updated quantities b, ¢, and d, and used to select the candidate pairs at this iteration.

3.4 Forward Selection In the Look-Ahead Procedure
with IDFs as Tuning Parameters

We have discussed how the look-ahead procedure performs the forward selection with
fixed IDFs in Section [3.2] However, as mentioned in Section [I.7.1] the IDFs should be
chosen adaptively based on the data. We now treat the IDFs as tuning parameters and
discuss how this will change the forward selection procedure.

Suppose there are L+ 1 libraries {Lo, L1, ..., Ly} where Lg is the null library and the
rest are non-null libraries. The IDF of £ is fixed at 1. The IDFs of the non-null libraries
are treated as tuning parameters, which can take any positive values, with IDF = 1
meaning the degrees of freedom is not inflated. Let s; be the IDF of the [-th library. We
consider a user-specified finite number of possible values for s; and denote the collection
of these values as S;, for [ = 1,..., L. Define the IDF tuning vector as s = (s1,...,S.).
Then s is in the IDF space § = S; X - -+ X Sp, which contains all possible combinations
of the user-specified IDF values. Obviously, the size of S, Hlel |S;|, grows exponentially
in L.

The difference when multiple IDF tuning vectors (several s € S) are used is that now
when BIC(B;) is computed using (3-6), it can attain different minimums depending on
the involved IDFs. Hence, there can be multiple choices of W . according to , each

minimizing BIC(B;") given a specific combination of IDFs (i.e., given a specific s € S).
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As a result, at each step the forward selection process can generate multiple new models
B_U V. (s) for s €S, given the current model B_.

During the forward selection process, we need to keep the records of both the basis
functions contained in each model and the IDF tuning vectors that lead to the selection
of these basis functions. Let D be the collection of all models generated at the current
stage in the forward selection. Here we refer to a unique collection of basis functions as
a model. Denote the hth model in D as A, and let S;, be the set of IDF tuning vectors
that leads to the selection of the basis functions in A;,. We will call S;, the IDF set of
Ay, from now on. Let V_ be the set of models in D that the procedure is updating at the
current round ﬁ At this round, the procedure updates one model in V_ at each iteration.
Note that V_ stays the same at each round of iterations. Let V, be the set of models will
be updated at the next round. Before the current round of iterations begins, V_ = V..
Then after each model in V_ is updated, V. is adjusted accordingly. If the procedure
decides to stop adding more bases to a set in V_, that model is removed from V.. If
there are new models generated, they are added to V, and D. Once all models in V_
have been updated, the procedure sets V_ = V., for the next round of iterations. We
start with a single model D = V_ =V, = {A;}, where A; contains the m bases from
Ly, and we initialize S; = §. Denote the current model being updated by the forward
selection process as B_, and its IDF set as S_. They are initialized with B_ = A; and
S_ =6

Suppose D, V_ contain sets of selected basis functions Ay, ..., Ay, where d is the
total number of models generated so far. At the first iteration, d = 1. Suppose now the
procedure is updating Ay in V_, where Aj; contains k — 1 basis functions. Thus, we have

B_ = A, with the IDF set S_ = §;,. Our procedure then follows the similar forward

selection routine in (3.1)), (3.2), (3.5), (3.7), and (3.9)) for each s € S_. Recall that after

3See the example at the end of this section for more details about each “round” of iterations.
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each update, the procedure can add zero, one, or two basis functions to B_. For any
s € 8, if BIC4(B_) is smaller or equal to the BICs of all the candidate models, then no

basis will be added to B_. Define

Sho = {s €S_:BIC,(B.) < min BICS(B;)}, (3.65)

T u |

where B; = B_ UV with U, defined in (3.5). Then there are three possibilities of how

Ay, is going to be updated:

(i). If Spo = S—, then the forward selection of Aj; will stop and A, is removed from

V.. For A, its IDF set is Sj, = Sp.

(ii). If Spo € S- and Spp # 0, then for any given s € S none of the BICs of
the candidate models is lower than the BIC of B_, the forward selection of A,
will stop and Aj is removed from V.. &), is updated by setting S, = Sp . For

each s € S_ \ Sp0, the procedure finds the set \If;*(s) in ¥~ such that the model

B. (s = B- UV, has the smallest BIC. The index j*(s) is obtained using
j*(s) = argmin BIC,(B; ). (3.66)
1<i<|v—|

Note that for s; # s where s1,80 € S_ \ Shp, j*(s1) and j*(s2) could be the
same. Denote the unique elements of {j*(s) s e S_ \Sh,o} as ji,...,Jjs, then

LR

;» are the unique sets of basis functions selected at the current iteration.
q

For each \If; a new model A;,; is generated:

B_U{v5}, if jr < L,
Api = iy (3.67)

BoU{vy Wy b > L
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fori=1,...,q. The IDF set S;; for A is defined as

Sii={s:8€8 \ S0, BIC,(B-UW;) = min BIC,(B)},  (368)

1<j<|v |

for 2 = 1,...,q. To add these new sets to D and V., the procedure generates
Agri = Ap, together with Sgy; = Spy, for ¢ = 1,...,¢q, since there are d sets

already in D. Agt1, ..., Agqq are then added to both D and V.

(iii). If Spo = 0, then the same new sets Ap1, ..., An, as in (ii) are generated. Aj, € D
and Ay, € V; are then updated by setting A, = Ay, 1, and its IDF set is updated
by setting Sy, = Sp1. To add the rest of the new models to D and V; if ¢ > 1, the
procedure generates Agi;—1 = Ap; together with Sy = Spy, for i = 2,...,¢.

Adio, ..., Adtq are then added to both D and Vy if ¢ > 1.

At the next iteration, the procedure finds the next model available in V_ and assign
it as B_. Once the update of the last model in V_ is finished, the procedure updates V_
by setting V_ = V.. Then the forward selection process goes through the same routine
again for each model in V_. The forward selection for each model in D and V. stops
when the BIC stops decreasing, or when the number of basis functions exceeds M. The
whole forward selection process stops when both V_ and V. are empty sets.

There are two ways the look-ahead procedure prevents overfitting. First, at most M
basis functions are allowed to be selected for each model. Second, to prevent having too
many models after the forward selection completes, we can also control the maximum
number of models to be returned, denoted as M,. Thus, we have |D| < M,, and this
helps to reduce the computation burden, especially when many libraries are used. For a
certain iteration, if ¢ new models are generated, but |D| + ¢ > My, then only the first

M, — |D] of them are added to D and V,, and the rest are discarded. The maximum
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number of models that can be generated in the forward selection is Hle |S;|. This
happens when every IDF tuning vector in S leads to a unique model. Therefore, when
we set My > Hlel |S;|, there is no limitation on the number of models. We used this
latter setting in all of our simulations.

Now let us look at a specific example that illustrates the forward selection process in
the look-ahead procedure. Consider the Blocks-Curves function defined in Table 2.1 We
use similar simulation settings as in Section [2.2] with sample size n = 512, grid design
points from 1/n to 1, and the response values generated with SNR = 3.

We use the same libraries as in Table for this example, where £y = U; consists
of the constant and linear terms, £; = Cy consists of cubic spline representers, and
Ly = Ty consists of step functions. The knots used in £; and L, are grid points {(j +
3)/n, j =1,...,n— 6}, so both £; and L, contain 506 basis functions. In addition,
each model allows at most M = 30 basis functions to be selected, including both basis
functions from Ly. Denote the IDF of £; as s;, for : = 1,2. s; and s, can take values in
Sy =8y ={1,2,3,4,5,6}, so in total there are 6 = 36 IDF tuning vectors in the IDF
space § = 57 x S5. The maximum number of candidate models M, is set to be 36, so
none of the new models that could be generated are discarded in the forward selection.
The IDF of each basis function in Lj is fixed at 1. Let & be the ith basis function
in LoU Ly ULy, so Lo = {&,&}, L1 = {&,...,&os), and Loy = {500, .-, 1014} We
now present the details of the steps that the look-ahead procedure took in performing
the forward selection based on a single realization of y. Note that the basis functions

selected can change if a different realization of y were used.

Initialization: Set D=V_ =V, = {A;} and §; = S, where A; = {{1, &}

Example Iterations:

(1). Set B_ = A; and S_ = &;. For our y, the pair {gg3,&379} Was selected for all
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s € 8_,s0 A; is updated by setting A; = {1, &2, €s63, 379} St stays the same.
After the update, D =V, =V_ = {A;}.

(2). Set B_ = A; and S_ = &;. Given the IDF set S19 = {(s1,52) € S @ 52 >

3}, none of the BICs of the candidate models is lower than BICs(B-), so A,
completes forward selection for s € &, and is removed from V.. &; is updated
by setting &1 = S .
Given the IDF set 811 = {(s1,$2) € S : 59 < 3}, the pair {709, Eso7} is selected,
so a new model A, is generated with Ay = B_ U {&709, &607} = {&1, &2, Es63, 3795
€709, €607 ). The IDF set for Ay is S; = S11. As is then added to D and V..
After the update, D = {A;, A2} and V, = {As}. V_ is updated by setting
Vo ={A}.

(3). Set B = Ay and S_ = S;. Given the IDF set Ss1 = {(s1,52) € S
s1 < 3,89 < 2}, the pair {5,870} is selected. Given the IDF set Syo =
{(s1,82) € § : sy > 4and sy < 2, or, 57 > 5and sy = 3}, the single ba-
sis {€s35} is selected. Given the IDF set Sp3 = {(s1,52) € S : 51 < 4,59 =
3}, the pair {&o7,&ss5} is selected. Thus, Ay is updated by setting Ay =

B_ U {&ss5.60m0} = {&1, &2, Eses, €379, 709, 607, Es55 Eor0 . and Sy is updated by

setting S = S31. Two new sets A; and A, are generated, where A3 =
B-u {§835} = {51752,586375379757097560775835} and Ay = B_U {56077585} =
{&1, &2, Es63, €379, €709 E07, €5 - The IDF sets for Az and Ay are S = Sy2 and
Sy = Ss3 respectively. Az and Ay are then added to D and V.. After the up-
date, D = { Ay, Ay, A3, Ay} and V, = {As, A3, Ay}. V_ is updated by setting
Vo = {A,y, A3, Ay}

(4). Set B_ = Ay and S_ = Ss. For all s € S_, none of the BICs of the candidate

models is lower than BIC4(B-), so Ay completes forward selection, and is re-
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moved from V.. After the update, D = {4, As, A3, A4}, Vi = {A3, A4}, and
V_ = {Ay, Az, As}.

(5). Set B_ = Az and S_ = S5. Given the IDF set Sz = {(s1,52) € S : 51 > 5,50 =

3}, none of the BICs of the candidate models is lower than BICs(B-), so Aj
completes forward selection, and is removed from V,. &3 is updated by setting
S3 = Ssp.
Given the IDF set S31 = {(s1,82) € S : 51 > 4,59 = 1}, the pair {g75, 932}
is selected. Given the IDF set S3o = {(s1,52) € S : 51 > 4,59 = 2}, the
single basis {g75} is selected. Thus, two new models A5 and Ag are generated
with As = B U{&srs, §os2} = {&1, €2, Es63, E3795 09, S607, §35, §75, Sozz b and Ag =
B_uU {5875} = {51, &2, €863, 379, 709, E607, €835, 5875}- Their IDF sets are S5 = 53,1,
and S = S32. Ay and Ag are then added to D and V,. After the update,
D ={A, Az, A3, Ay, As, As}, Vi = { A4, As, Ag}, and Vo = { Ay, Az, Ad}.

(6). Set B_ = Ay and S_ = S,. For all s € S_, none of the BICs of the candi-
date models is lower than BICs(B-), so A; completes forward selection, and
is removed from V,. After the update, D = {A;, As, A3, Ay, A5, Ag} and
V. ={As, As}. V_ is updated by setting V_ = {As, As}.

(7). Set B_ = A5 and S_ = Ss. For all s € S_, the pair {€os4, {o70} is selected. Thus,
As is updated by setting As = B_ U {&osa, Eoro} = {&1, &2, Es63, €379, E709, E607, €835,
Es75, £032, Sosa, Eor0 - S stays the same. After the update, D = {A;, Az, As, Ay,
As, A}, Vi = { A5, Ag}, and V_ = { A5, Ags}.

(8). Set B = Ag and S_ = Sg. For all s € S_, none of the BICs of the candi-
date models is lower than BIC4(B_), so Ag completes forward selection, and
is removed from V,. After the update, D = {A;, As, A3, Ay, A5, A} and
V. ={As;}. V_ is updated by setting V_ = {A5}.
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(9). Set B_ = As and S_ = Ss. For all s € S_, the single basis {{s5} is selected.
Thus, As; is updated by setting As = B_U{&e65} = {&1, &2, §s63, $379, §709, S6075 Esas
Es7s, 032, Eosas Com0, Ee65 - Sp stays the same. After the update, D = {A;, A, As,

Ay, As, Ast, Vi = {As}, and V- = {A;}.
(10). Set B_ = A5 and S_ = Ss5. For all s € S_, none of the BICs of the candidate
models is lower than BIC4(B_), so A5 completes forward selection, and is re-
moved from V,. After the update, D = {A;, Az, A3, Ay, As, Ag} and V, = ().

V_ is updated by setting V_ = (). Therefore, the whole forward selection process

has ended.

We can see from above that whenever new sets are added to D and V, the IDF sets
for these new models together with those for the updated current model form a partition
of the IDF set for B_. For example, at iteration (2), S1 ¢ and Sy form a partition of S_.
The IDF sets for all the sets in D at iterations (1), (2), (3), and (5) are shown in Figure
3.2l We can clearly see that as the number of models in D increases, S is divided into
more and more parts, where each part corresponds to a unique model in D. Also, the
boundaries between different parts in S need not be parallel or perpendicular, as can be
seen from iteration (3).

We can also use the tree diagram to summarize the forward selection process described
above, as shown in Figure 3.1} Here the edges are labeled with the iteration numbers,
and each node represents a unique model with its IDF set. The set V_ at each round
corresponds to the collection of internal nodes with the same depth in the tree. For
example, after iteration (3), V_ becomes {As, A3, As}, which can be represented by the
collection of all three nodes with depth equal to 3 in the tree diagram. After each model
in V_ is updated at iteration (4) through (6), V_ is updated by setting V_ = {As, As},
since the nodes containing A5 and Ag are the only two internal nodes at the next level

of the tree.
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At each iteration, new basis functions that are added to the current model are colored
in cyan. For example, from the diagram we can see that at iteration (1), the pair of bases
{&€s63, 379} s selected and added to A;. Each end node is red-filled and corresponds to
the end of forward selection for each model. Thus, it can be seen that A; through Ag
completes the forward selection at iteration (2),(4), (5),(6),(10), and (8) respectively.
In addition, when a node has multiple branches, this means the IDF set of the current
model is partitioned into multiple parts, where each part leads to a unique model (the

child node) after the iteration.
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S1={1<s1 <6,
4 < sy <6},
Al = {517527586375379}

= {1 <s1 <3,
1<sp <2},
Az = {&1, 82,6863, 379,

€709, €607, 85,5070 }

(4)

Y

{1 < 51,82 <6},

S1 =
Ay =

Lo = {&1,&} }

(1)

Y

S1
Al

1< 1,82 <6},
£1,82,8863, 8379}

2)

Sy ={1<s1<6,1<sp <3},
Az = {€1,&2, 863, €379,

£709,&607}

®3)

Y

837{4<51<6 1< sy <2}

U 51>5 5273}

Az = {&1,&2,863,8379, €709, £607, £335

Ay = {&1, 82,6863, 379,
£709,8607, 585}

Sy ={1<s <3,

1<sy <2},

Az = {£1,&2,&s63,
€379, €709, €607,

85,6970}

Ss = {s1 > 5,

S9 =3},

Az = {&1, &2,
€863,&379,
€709, 6607, €835 }

(6)

Y

Si={1<si<4,
Sg = 3},
Ag = {£1,€2, €863, €379,
£709,£607, €85 }

(5) (5)
: N
={4<s1 <6, S = {4 < s1 <6,
sy =1}, sy =2},
As = {&1, 2, As = {&1, &2,
£863,£379, €863, 379,
709, &607, &709, €607, €835,
£835,5875 ) £875,8932}
(7) (8)
' . N
S5 ={4<s1 <6, Sg={4<s1 <6,
Ssg = 1}, So = 2},
As = {&1, 82, As = {1, &2,
€863, £379, €709, 86358379,
5607, £835,8875, €709, €607, €835,
&os7, 8070} 875,932}
(9)
A

S5 ={4<s1 <652 =1},
As = {£1, &2, €863, €379, £709, E607,

€835, 875, €987, 970, $665 }

~

(10)

A

Sy = {4 <51 <6,s2 =1},
As = {£1, 82,8863, €379, 709, E607,

€835, £875, £987, £970, £665 }

Figure 3.1: Tree diagram of the forward selection process for a data set from the
Blocks-Curves example. Note that s; and so take integer values from 1 to 6 in this

illustration.

The numbers in parentheses on left or right side of arrow represent

iteration number in the searching procedure. Each end node is red-filled. New basis
functions that are selected at each iteration are colored in cyan.
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6l o ° ® ® ° e | |95 at iteration (3)
mS, at iteration (3)

51 @ ° ° ° ° ® | [AS; at iteration (3)
Sy at iteration (3)
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2 n ] | A A A
1 m [ ] ] A A A
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51

6l o ° ° ® ° e | |95 at iteration (5)
mS, at iteration (5)
51 @ ° ° ° ° ® | |AS; at iteration (5)
Sy at iteration (5)

41 @ ® ] ° ] ® | ¢ S; at iteration (5)
at iteration (5)

S2
»

S1

Figure 3.2: The sets of IDF tuning vectors for all the models in D at different iterations
for a data set from the Blocks-Curves example
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3.5 Selection of IDF's

After the forward selection process is completed, the look-ahead procedure returns a
set of models D. Each model has its own IDF set which contains at least one IDF tuning
vector in the IDF space S. Clearly if |D| < My, then {Si,...,Sp|} forms a partition of
S. Otherwise {Si,...,Sip|} are disjoint subsets of S. Now the question is how to select
one of the models to be our final model.

Selecting a model in D is equivalent to selecting one of the IDF tuning vectors in
S, because for a fixed IDF vector, the model is uniquely determined by the forward
selection process. The role of the IDF tuning vector is similar to the role of the s-
moothing parameter A in the smoothing spline model. By penalizing libraries differently
via IDFs, our procedure controls the selection of each type of basis functions. For in-
stance, for the Blocks-Curves example presented in Section [3.4 when the procedure
correctly selects the suitable penalties on £; and Ly with s; < 4 and sy = 3, mod-
el Ay = {&, &, Ese3, €379, €709, E6075 Es5 5 Will be the final model and exactly three step
functions with jump points close to 0.2, 0.4, and 0.7 are selected.

We will use k-fold cross validation to select the best IDF tuning vector in §. The
whole data set is split into k& roughly equal-sized parts. For v =1, ..., k, we use the v-th
part as the validation set and the other parts combined as the training set. For a tuning

vector s € §, define its average cross validation error as:

T [ 1@ sl )2
cvszzzl{n—z(yﬂ—fi () } (3.69)

where {(:UEU], yZ[v]), 1< < nv} is the v-th validation set, and fs_v] is the ordinary least
squares fit based on all observations except those in the v-th validation set, using the

basis functions obtained from the forward selection for the fixed IDF tuning vector s.
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The best IDF tuning vector is chosen to minimize CV:

§* = argmin CV,. (3.70)

seS

Let S* be the IDF set in {Sy,...,Sip|} that contains s*, then the final model A* is the
model in D whose IDF set is S*.

For the same Blocks-Curves example presented in Section here is the levelplot
of the average cross validation error for each IDF tuning vector in {(81,82),81,82 S
{1,2,3,4,5,6}}. We can see that given s; € {1,2,3} and s, = 3, the average cross
validation error is the smallest. Thus, model Ay, = {&1, &2, &s63, E3795 E7005 S6075 g5} 18

chosen to be the final model for this specific example.

— 0.348
6 - - 0.346
- 0.344
- 0.342
5 i - 0.340
- 0.338

4 - | £0.336
~ - 0.334
0.332
0.330
0.328
0.326
0.324

0.322
0.320

Figure 3.3: The average cross validation error for each IDF tuning vector, using a
data set from the Blocks-Curves example.
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For the choice of IDF tuning values for each library, one can first try values within a
wide range, for example the {1,2,3,4,5,6} used above. Based on the IDF values selected
by LAP, we can then fine-tune the IDFs and apply the LAP again. In the example above,
LAP selects s7 € {1,2,3} and s5 = 3. For s;, we can then specify a finer grid points
between 1 and 3, and apply the LAP again to see if the basis functions selected will be

different. For this example, the results stay the same.

3.6 The Whole Look-Ahead Procedure

The whole look-ahead procedure is summarized below.

The Look-Ahead Procedure

1. Initialization: Set A1 = Lo, let M be an upper bound on the number of basis
functions to be selected (including those in Lj), and M, be the maximum
number of models to be generated in the forward selection. Let & be the IDF

space. Set D=V, =V_={A;}. Set §; =8, B_ =A; and S_ = S;.

2. Forward selection:
while V, # () and V_ # () do
Find A;, € V_, which the first set in V_ that has not been updated.
Set B_ = A;,, and set the IDF set of A;, as S_.
Set k= |B_|+ 1 and d = |D|. Set ¥~ = {).
for/=1,...,L do

if k= M then
Select 1 using (3.1). Update ¥~ with ¥~ U {¢; }.
else
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Select ¢; using (3.1). Update U~ with ¥~ U {wf}-
Select @/J_‘l using . Update ¥~ with ¥~ U {@Z)l_, 1[)_”}
end if
end for
Let W} be the jth element of W~. Let B; = B_UW; for j =1,...,[¥7].
Set Spo =0,V = 0.
for s € S_ do
if BIC,(B-) < min;<;<jy-| BIC,(B;) then
Set Spo = Sho U {s}.
else

Solve j*(s) = argmin BIC, (B; ), with BIC, defined in (3.6).
Set V- =W LSJ{S\IL;(S)}.
end if
end for
if S0 = S_ then
Ay, is removed from V. The IDF set of A, is S), = Shp.

else

Denote the elements in U as \I/j_{, ce \I/]_E7 . Generate the new models
Apt, ..., Apg using (3.67), and their IDF sets Sy 1 ... Sp,q, where
Sii = {58 €S\ Si0, BIC,(B}:) = mimy<jcpa- | BIC, (B} ) |,
fori=1,...,q.
if S0 CS- and S0 # 0 then

Remove Ay, from V.

Generate Agy; = Ap; and Sgyy =Sy forie=1,...,¢.

Add the first min(q, My — d) of Ags1, ..., Aayq to D and V,.
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For A; € V,, remove it from V, if |A;| = M.
else
Update Ay, by setting Aj;, = Ay 1. Update Sy, by setting S, = Spa.
if ¢ > 1 then
Generate Agp; 1 = Ap; and Sy = S fori =2,...,q.
Add the first min(q — 1, My — d) of A4i1, ..., Agyq—1 to D and
V;. For A; € V,, remove it from V. if |A;| = M.
end if
end if
end if
if all sets in V_ have been updated then
Update V_ by setting V_ = V..
end if

end while

3. Elimination: Compute the average cross validation error CVy in (3.69)) for each

s € §. Find the s* in (3.70). The final model is A« such that s* € Sj-.
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3.7 Bootstrap Confidence Intervals

The nonparametric bootstrap confidence intervals have been well studied. The main
difficulty in constructing them is due to the bias, which can not be estimated consistently

using the bootstrap method. Consider the nonparametric regression model

yi=f®) +e, SN0, i=1,...,n, (3.71)

where x;’s are design points with arbitrary domain X. As |Cummins et al.| (2001)

has pointed out, by minimizing the average mean squared error (averaged across de-
sign points), the bias and variance of the estimate f are deliberately balanced, so
Bias(f(x;))?/Var(f(x;)) converges to a fixed ratio. When this ratio is large, the con-
fidence interval will be consistently centered at the wrong place, causing low coverage.
The bias of f tends to be big especially at points where f has sharp curvature or sudden
jumps, and the coverage probability will be low at these points.

There are two common approaches to overcome this problem. One is by oversmooth-

ing and inducing an explicit or implicit bias estimator, for example see Hardle and Bow-|

man| (1988)), Hérdle and Marron| (1991)), Hall (1992a)), Eubank and Speckman) (1993)), Sun|

and Loader| (1994)), Hardle et al| (1995), and (1998). The other approach is using

undersmoothing to reduce the impact of bias, for example see Bjerve et al| (1985), [Hall

(1992b), [Neumann| (1995), Neumann and Polzehl| (1998)), [Picard and Tribouley| (2000)),

(Claeskens and Keilegom (2003]), McMurry and Politis (2008). See Hall and Horowitz

(2013) for a more comprehensive review. In the smoothing splines literature, [Wang and
(1995) compared the average coverage probability of various bootstrap confidence

intervals, such as the percentile interval (Efron (1982)) and the pivotal interval (Efron
(1981)), with Bayesian confidence intervals (Wahba/ (1983)) for smoothing splines with
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Gaussian data, and found they have similar performance. (Cummins et al. (2001) con-
structed pointwise confidence intervals by selecting local smoothing parameters to yield
more uniform pointwise coverage.

For the look-ahead procedure, we construct the bootstrap confidence intervals using
the undersmoothing approach. First, the LAP is applied to the data {(x;,v;),i =1...,n}
to obtain the estimate f . Recall that in LAP, criteria such as the BIC and AIC are used
for selecting basis functions, and in order to avoid overfitting, the forward selection
process for a candidate model stops once BIC or AIC starts to increase. Therefore, the
estimate f tends to have big bias, especially at places where f has sharp curvature or
sudden jumps. To reduce the bias, we use the undersmoothing approach to obtain a
“big” model. Sklar et al. (2013) found that for the BSML procedures the cross validation
method generally tends to lead to a model that overfits. We will use the same method
for the look-ahead procedure.

Let s* be the IDF tuning vector that minimizes the average cross validation error and
leads to an estimate f , as defined in . The same LAP forward selection routine
in Section is then applied again with the IDF vector fixed at s*. However, this
time instead of stopping the forward selection once the BIC or AIC starts to increase,
we let it continue until the number of basis functions in the model reaches M. The
forward selection starts with BY) = L, at the first iteration. At the jth iteration, for
j=2,3,...,LAP sets B_ = BU™), then selects the set of basis functions ¥, by following
the same selection routine in , , , , , , , , and
sets BU) = BU-D W.. This process continues until it reaches iteration D such that
IBP)| = M. Therefore, we have D candidate models: BM,... B™). Then the k-fold

cross validation method is used to select one of them as the final model. The average
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cross validation error for model BY), j =1,..., D, is defined as:

CV(BY) = %Z{ni 3 (s = 75 ?”))2}7 (3.72)

where {( E ], yiv]) 1< < nv} is the v-th validation set, and f([jf)”] is the ordinary least
squares fit based on all observations except those in the v-th validation set, using the
basis functions contained in BY). The final model B is chosen to minimize the average

k-fold cross validation error:

B= argmin CV(BYW). (3.73)

BYW e {BW, ..., BP)}
Once B has been chosen, denote f as the ordinary least squares fit using the basis
functions contained in B. Then B bootstrap samples i, = (U1s -+ Ynp) forb=1....B

are generated according to

v = f(@) +&p G CN(0,6%), i=1,...m;b=1,... B, (3.74)

where &2

is an estimate of o2. Typically a difference-based estimator of o2 is used, for
example see [Rice| (1984), Gasser et al.| (1986]), and [Tong and Wang| (2005). For the look-
ahead procedure, the Rice estimator defined in is used as the default. Alternatively,
the bootstrap samples can be generated by resampling the residuals with replacement. In
the look-ahead procedure, only the parametric bootstrap given in is implemented.

For each bootstrap sample y,, b =1, ..., B, the same forward selection routine men-
tioned above is applied to obtain the sequence of candidate models Blgl), e ,B,SDb). To

select one of them as the final model, we use the average square error (ASE) instead of

the average cross validation error as the model elimination criterion, because the true
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function f in the generation of the bootstrap samples is known. The ASE of the model
BIEJ' ) is defined as:

. 1 o _ 2
ASE(B) = — > (/@) — f() . (3.75)
for j = 1,..., Dy, where fb(] ) is the ordinary least squares fit using the basis functions

contained in Blgj ). For the bth bootstrap sample, the final model B; is selected to minimize
the ASE, i.e.,

B; = argmin ASE(B,()j)). (3.76)
BY e {B",...,B"}

Denote f,;* as the ordinary least squares fit using the basis functions contained in Bj, for
b=1...,B. Then the (1 —«)% confidence interval of f(x) is (fa/g, f(l,a/g)), where fa/g
and f(l_a/Q) are the a/2 and (1 — a/2) percentiles of (ff(a:), . ,fg(a:))

The simulation results for the bootstrap confidence intervals are presented in Section

4.2l
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3.8 R Functions for the Look-Ahead Procedure

The look-ahead procedure has been implemented in R. Here we briefly introduce the
input arguments and output values of the R functions that can be used for applying LAP

and performing predictions.

3.8.1 LAP.R

Description

This function implements the look-ahead procedure (LAP). The program adaptively
select one or a pair of basis functions from different libraries according to certain criterion
such as the BIC. Each library is associated with an IDF, which is treated as a tuning
parameter. K-fold cross validation is used for selecting the best IDF values and the final
model.
Usage
LAP(y, baseslist, maxbas=30, sub.maxbas=c(), idfs, maxmod=nrow(idfs),

nfolds=10, criterion="BIC")

Arguments
e y: response vector.

e baseslist: list of libraries of basis functions, where each element corresponds on
the list corresponds to a library. The first library is the null library Ly, the second
library is £; and so on. Each library should be a matrix, where each column

corresponds to a basis function evaluated at the design points.

e maxbas: maximum number of bases allowed to be selected. This is the M in the

LAP algorithm.
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e sub.maxbas: a vector with length equal to the number of nonnull libraries. Each
element specifies the maximum number of bases to be preselected for each nonnull

library.

e idfs: matrix of IDF tuning values with L + 1 columns, where each row represents

an IDF tuning vector. The IDF for £y (the first column) should be fixed at 1.

e maxmod: maximum number of models allowed to be generated during the forward
selection process. This is denoted as M, in the LAP algorithm. The default is
the total number of IDF tuning vectors, or equivalently, the number of rows in the

matrix idfs.
e nfolds: the number of folds used in the cross validation.

e criterion: basis selection criterion. Available options are “AIC” and “BIC”.

Default is “BIC”.
Value

e bases.chosen: a matrix with two columns. The second column contains indices
of the basis functions selected by LAP. The first column contains the indices of the
libraries to which basis functions in the second column belong, where “1” represents

the null library, “2” represents £, and so on.
e cv.error: the average cross validation error for each IDF tuning vector, see .
e idfs.cv: the IDF values that minimize average cross validation error, see .
e fit: the fitted values of the final model.
e coef: the coefficients in the final model.

e sigma_hat: estimated error standard deviation.
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e RSS: residual sum of squares of the final model.

e y: response vector. Same as input.

e baseslist: list of libraries of basis functions. Same as input.

e maxbas: maximum number of bases allowed to be selected. Same as input.

e idfs: list of IDF tuning values for each library, including £y. Same as input.

e maxmod: maximum number of models allowed to be generated during the forward

selection process. Same as input.

e criterion: basis selection criterion. Same as input.

3.8.2 predict.LAP.R

Description
This function is for making predictions using the output object from LAP.
Usage
predict.LAP (object, bases.include=NULL, new.baseslist=NULL,
confint=F, alpha=0.05, sigma=NULL, bootrep=200)

Arguments

e object: output object from LAP.

e bases.include: a vector of length (number of null bases + number of nonnull
libraries). The elements should be either 0 or 1, with 0 means the corresponding

basis or library will not be included in the prediction, and 1 otherwise.

e new.baseslist: the list of libraries used in the prediction. If the original list in
the LAP object is used, the prediction will be same as the fitted values in the LAP

object.
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confint: True or False. If True, a confidence interval with significance level alpha

will be computed. The default is False.
e alpha: the significance level for the confidence interval. Default is 0.05.

e sigma: the error standard deviation used in constructing the bootstrap sample.

The Rice estimator is used as the default.

e bootrep: number of bootstrap samples used in constructing the confidence interval.

Default is 200.
Value
e fit: predicted values.
e fit.boot: the fit of the model B obtained by using cross validation.
e bases.boot: the indices of the basis functions contained in the model B.

e bootfits: a matrix which contains all the bootstrap fitted values used in con-

structing the confidence interval as its columns. NULL if confint=F.

e boot.y: a matrix which contains the bootstrap samples generated for the response

variable as its columns. NULL if confint=F.

e bootbases.all: a list which contains the indices of all the basis functions selected

for each bootstrap sample. NULL if confint=F.

e bootbases.pred: a list which contains the indices of selected basis functions, a-

mong all the wanted ones as specified in bases. include, for each bootstrap sample.

NULL if confint=F.

e lower: the lower bound of the confidence interval. NULL if confint=F.
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e upper: the upper bound of the confidence interval. NULL if confint=F.

e sigma: the error standard deviation used in constructing the bootstrap sample.

3.8.3 stdz.R

Description
This function is used to standardize the basis functions (columns) in a design matrix,
so that each basis functions evaluated at the design points has norm one.
Usage
stdz(X)

Arguments

e X: matrix of basis functions. Each column of X is a basis function evaluated at the

design points.
Value

e matrix with standardized basis functions as its columns.

3.8.4 An Example

We use one simulated data set from the Block-Curves example in Section to
illustrate the usage of these R functions. The R code is shown below, where the R
file LAP.R contains LAP and predict.LAP functions. Here the stdz function is used
to numerically stabilize the computation. The input matrix in the stdz function is
standardized by column so that each column has norm one.

library(assist)
source ("LAP.R")

set.seed(82)
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n <- 512

x <- seq(from=1/n, to=1, by=1/n)

fx <= 1%(x-0.2 >= 0 & x-0.4 < 0) - x710%(x-0.7 >= 0) +
exp((x+0.5)"2)*(x-0.4 >= 0 & x-0.7 < 0)

## Libraries of basis functions:
loc <- x[-c(1,2,3,n-2,n-1,n)]

pt <- rep(1,n)%o%loc

LO <- stdz(cbind(1, x))

L1 <- stdz((cubic(s = x, t = loc)))
L2 <- stdz((1*(x-pt)>0))

baseslist <- 1list(LO, L1, L2)

## Look-Ahead Procedure:
y <= fx + rnorm(n, mean=0, sd=sd(fx)/3)

nlib <- length(baseslist)

idfs <- append(list(1),rep(list(c(1:6)),nlib-1))

idfs <- as.matrix(expand.grid(idfs))

fit.lap <- LAP(y, baseslist, maxbas=30, idfs=idfs, criterion="BIC")

## 95J, bootstrap confidence interval:
pred.lap <- predict.LAP(fit.lap, bases.include=c(1,1,1,1),
new.baseslist=baseslist, confint=T, bootrep=200)

## Plot of the LAP fit with its 95% confidence interval:
plot(x, y, col="gray")

lines(x, fx, type="1", 1lwd=2)

lines(x, fit.lap$fit, col=2, 1lty=1, 1lwd=2)

lines(x, pred.lap$lower, col=2, lty=2, lwd=2)

lines(x, pred.lap$upper, col=2, lty=2, lwd=2)

Figure shows the LAP fit with its 95% bootstrap confidence interval for this

example.
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0.0 0.2 0.4 06 0.8 1.0
X

Figure 3.4: LAP fit of the Block-Curves example in Section 3.4l Gray dots are the

simulated data points. Black solid line is true function. Red solid line is the LAP fit.

Red dashed lines are the upper and lower bounds of the 95% bootstrap confidence
interval based on 200 bootstrap samples.
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Simulations

4.1 Estimation of Univariate Functions

We performed simulations to compare the performances of the BSML procedures and
our look-ahead procedure with the same six univariate examples presented in Section
2.2l See Table for the true functions and the libraries of basis functions used for each
example.

The design points used for all simulations are the grid points {x; = i/n:i=1,...,n},
where the sample size n € {256,512,1024}. The response variable is generated using
(2.6)), where o is chosen such that SNR € {1,2,3,4,5,6}. The knots used in the libraries
Pa,Ca, To, T2 are grid points {j/n, j = 4,...,n — 3}. For all procedures, the maximal
number of bases M is fixed at 30. For the look-ahead procedure, we used IDF spaces
S; =41,2,3,4,5,6} for i = 1,2. The maximal number of models can be returned after
the forward selection, denoted by My, was set to be |S1| x |S2] = 36, so that all new
models generated during the forward selection are kept in D. The 10-fold cross validation
is used to select the final model in the look-ahead procedure. For each sample size, 100

random samples are simulated to evaluate the performances of the BSML procedures
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and the look-ahead procedure. We use the MSE defined in (2.8)) as the measure of
performance. For convenience, we will use the acronym “LAP” when referring to the
look-ahead procedure from now on. The simulation results are shown in Figure .1 -[4.9

We can see that LAP’s performance is comparable to that of BSML-C and BSML-S
in terms of the MSE. For the Sine-Jumps and LW6 examples, on average LAP selected
fewer basis function than BSML-C and BSML-S. Also, as we mentioned in Section [2.4], for
the Heavisine example the basis functions from £ and £, need to be treated separately.
Because of this, for the Heavisine example the performance of BSML-C is not as good
as that of BSML-S and LAP across all SNR values and sample sizes. In terms of the
computation speed, LAP has clear advantage over both BSML procedures. Table -
lists the average CPU time of fitting each univariate example using BSML-C, BSML-
S, and LAP for different samples sizes with SNR = 3. Without having to estimate the
GDF at each forward selection step as BSML-C and BSML-S do, LAP manages to be

about twice as fast as BSML-C |, and more than 10 times faster than BSML-S.
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Figure 4.1: Simulation results for the Blocks-Curves and Heavisine examples with
n = 256. The top panel shows the median vMSE across different SNR values for
both examples, where the symbols used are: B for BSML-C, A for BSML-S, and @
for the look-ahead procedure. The middle panel shows the boxplots of the MSE when
SNR = 3. The bottom panel shows the number of basis functions selected when

SNR = 3.
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Figure 4.2: Simulation results for the Sine-Jumps and Poly-Sine examples with
n = 256. The top panel shows the median vMSE across different SNR values for
both examples, where the symbols used are: B for BSML-C, A for BSML-S, and @
for the look-ahead procedure. The middle panel shows the boxplots of the MSE when
SNR = 3. The bottom panel shows the number of basis functions selected when
SNR = 3.
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Figure 4.3: Simulation results for the LW6 and LW7 examples with n = 256. The
top panel shows the median vMSE across different SNR values for both examples,
where the symbols used are: B for BSML-C, A for BSML-S, and @ for the look-ahead
procedure. The middle panel shows the boxplots of the MSE when SNR = 3. The
bottom panel shows the number of basis functions selected when SNR = 3.
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Figure 4.4: Simulation results for the Blocks-Curves and Heavisine examples with
n = 512. The top panel shows the median vMSE across different SNR values for
both examples, where the symbols used are: B for BSML-C, A for BSML-S, and @
for the look-ahead procedure. The middle panel shows the boxplots of the MSE when
SNR = 3. The bottom panel shows the number of basis functions selected when
SNR = 3.
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Figure 4.5: Simulation results for the Sine-Jumps and Poly-Sine examples with
n = 512. The top panel shows the median vMSE across different SNR values for
both examples, where the symbols used are: B for BSML-C, A for BSML-S, and @
for the look-ahead procedure. The middle panel shows the boxplots of the MSE when
SNR = 3. The bottom panel shows the number of basis functions selected when
SNR = 3.
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Figure 4.6: Simulation results for the LW6 and LW7 examples with n = 512. The
top panel shows the median vMSE across different SNR values for both examples,
where the symbols used are: B for BSML-C, A for BSML-S, and @ for the look-ahead
procedure. The middle panel shows the boxplots of the MSE when SNR = 3. The
bottom panel shows the number of basis functions selected when SNR = 3.
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Figure 4.7: Simulation results for the Blocks-Curves and Heavisine examples with
n = 1024. The top panel shows the median vMSE across different SNR values for
both examples, where the symbols used are: B for BSML-C, A for BSML-S, and @
for the look-ahead procedure. The middle panel shows the boxplots of the MSE when
SNR = 3. The bottom panel shows the number of basis functions selected when

SNR = 3.

106



Simulations Chapter 4
Sine=Jumps Poly-Sine
A
0 = BSML-C Q
= A BSML-S sl
°© .+ LAP
L n L
0 N o
= . = S-
— - [=}
5 5
S 5 3
= 2 °
Te}
o 4
o 4
— Q‘\l o \‘\‘\.
1 2 3 4 5 6 2 3 4 5 6
SNR SNR
Sine=Jumps Poly-Sine
0 ° o ° °
8_’ o) e o g,
S S
] . ° S 8 S g
8 o
o - o o o
w R | : — o L 8 8 8
0 2 ! ! 2 3 8 8 _
= \ = o _— ‘ ‘
S ! : :
. o '
g . | | | |
8- ] ]
° o :
o
8,
BSML-C BSML-S LAP o BSML-C BSML-S LAP
Sine=Jumps Poly-Sine
3 A o E— o
® N- @ v
%] 0 ©
g : g
Y— 91’ Y—
o SR o o [
—_ o ©
(] ()
g @ - o o -g
= 2 a7
o4
| | | | .
wn
BSML-C BSML-S LAP BSML-C BSML-S LAP

Figure 4.8: Simulation results for the Sine-Jumps and Poly-Sine examples with
n = 1024. The top panel shows the median +vMSE across different SNR values
for both examples, where the symbols used are: B for BSML-C, A for BSML-S, and
@® for the look-ahead procedure. The middle panel shows the boxplots of the MSE
when SNR = 3. The bottom panel shows the number of basis functions selected when

SNR = 3.
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Figure 4.9: Simulation results for the LW6 and LW7 examples with n = 1024. The
top panel shows the median vMSE across different SNR values for both examples,
where the symbols used are: B for BSML-C, A for BSML-S, and @ for the look-ahead
procedure. The middle panel shows the boxplots of the MSE when SNR = 3. The
bottom panel shows the number of basis functions selected when SNR = 3.
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Table 4.1: Average CPU time (in seconds) of fitting the Block-Curves and the Heav-
isine examples using BSML-C, BSML-S, and LAP for sample sizes n = 256,512,1024
with SNR = 3.

Blocks-Curves Heavisine
n=256|n=>512|n=1024 | n =256 | n =512 | n = 1024
BSML-C 2.10 8.89 64.27 2.12 9.00 56.89
BSML-S 14.93 52.58 243.76 14.77 53.05 256.37
LAP 1.04 3.92 11.33 1.00 3.74 12.02

Table 4.2: Average CPU time (in seconds) of fitting the Sine-Jumps and the Poly-sine
examples using BSML-C, BSML-S, and LAP for sample sizes n = 256,512, 1024 with
SNR = 3.

Sine-Jumps Poly-Sine
n=256|n=>512|n=1024 | n =256 | n =512 | n = 1024
BSML-C 2.10 9.01 64.80 1.26 4.12 24.63
BSML-S 14.75 52.99 245.93 9.44 29.52 124.84
LAP 0.98 4.79 7.11 0.70 1.77 9.75

Table 4.3: Average CPU time (in seconds) of fitting the LW6 and LW7 examples using
BSML-C, BSML-S, and LAP for sample sizes n = 256,512, 1024 with SNR = 3.

LW6 LW7
n=256|n=>512|n=1024 | n =256 | n =512 | n =1024
BSML-C 2.11 8.91 55.42 2.07 8.87 64.36
BSML-S 14.64 52.80 245.53 14.66 52.32 253.17
LAP 1.11 3.82 11.26 1.07 3.63 11.45
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As we mentioned in Section [3.2] LAP only considers the pairs of basis functions of
the form {wl’,w]l} for I = 1,...,L_, where z/ﬂl is selected given 1), already in the
model. Alternatively, the selection scheme in can be used, where all possible pairs
of unselected basis functions are considered. This alternative procedure is referred to as
LAP-2. The same 100 random samples of the six univariate examples with SNR = 3 and
n = 512 are used to compare the performances of LAP and LAP-2. Figure shows
the boxplots of the MSE, and Table lists the average CPU time for both procedures.
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Figure 4.10: Boxplots of the MSE for fitting six univariate examples using LAP and
LAP-2 with SNR = 3 and n = 512.
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Table 4.4: Average CPU time (in seconds) of fitting each univariate example using
LAP and LAP-2 with n = 512 and SNR = 3.

Blocks-Curves | Heavisine | Sine-Jumps | LW6 | LW7 | Poly-Sine
LAP 3.92 3.74 4.79 3.82 3.63 1.77
LAP-2 124.33 64.7 142.58 | 127.31 | 109.03 13.65

We can see from Figure and Table that when all pairwise search scheme is
used, there is no significant improvement in terms of MSE, but the computation time has

increased dramatically. Therefore, we will use LAP, because it is less computationally

demanding than LAP-2.
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4.2 Bootstrap Confidence Intervals

We use the same Sine-Jumps and Blocks-Curves examples to evaluate the performance
of the bootstrap confidence intervals from the LAP procedure, and compare them with
that from the BSML procedures. For each example, we construct the 95% bootstrap
confidence intervals under two settings: n = 256, SNR = 4 and n = 512, SNR = 6 with
bootrep=200. All the other settings are exactly the same as in [{.1] Each simulation is
repeated n, = 100 times.

The pointwise coverage probability (PCP) and average coverage probability (ACP)
are calculated to evaluate the performance of the confidence intervals. For any n arbitrary
points {x1,...,x,} in the domain, let f(x;) be the true function evaluated at x;. For
the r-th simulated data set {(:131, Yir)s - (wn,ym)}, where r = 1,...,n,, let fé%(a:z)
and fl(i)aﬂ(mi) be the lower and upper bound of the 100(1 — «)% bootstrap confidence

interval at a;. Then the pointwise coverage probability (PCP) at x; is defined as

PP, = — 3" 1(f(a) € [{0h(@). £, (@] ). (4.1

n
" or=1

where I(-) is the indicator function. The average coverage probability (ACP) is computed

for each 100(1 — )% bootstrap confidence interval across the function, defined as

n

ACP, = %Z I(f(:ci) €| A(iT/)Q(mi)v ff?a/g(wi)})' (4.2)

Besides coverage probabilities, we are also interested in the width of a confidence
interval, since given the same coverage probability a narrower confidence interval pro-
vides more precise information about the true function than a wider one. We define the

pointwise average interval width (PAIW) at each design point x; as follows, where the
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average is across the results for the n, simulated data sets:

Nor

1 " .
PAIW, = . ; (fl(_)a/2(mi) - fé)z(%)) (4.3)

For the Blocks-Curves and Sine-Jumps examples, Figures to show the com-
parisons of the PCP, ACP, and PAIW based on the 95% bootstrap confidence intervals
from the LAP, BSML-C, and BSML-S procedures for n, = 100. For all settings the
BSML-S confidence intervals gave the lowest median ACP and virtually always the low-
est PCP values. The median ACP for BSML-S confidence intervals for each of the four
simulation cases considered is below the nominal value 0.95. The BSML-C confidence
intervals and LAP confidence intervals have similar performances, and the median ACP
for both of them are above the nominal value for all settings. The advantage of the
LAP confidence intervals is that in general they are pointwise narrower than the BSML-
C confidence intervals. For the Sine-Jumps example the LAP confidence intervals have
shorter widths almost uniformly than the BSML-C confidence intervals, except at the
places near 0.25 and 0.5 where the Sine-Jumps function is discontinuous.

We can also see that coverage probabilities depend on the true function, as well as the
sample size and signal-to-noise ratio. Although the median ACP for all LAP confidence
interval is above the nominal value of 0.95, the pointwise coverage probabilities can still
be below 0.95. For the Blocks-Curves example when n = 512 and SNR = 6, the PCP
is much lower than 0.95 at the design points near 0.7 where the Blocks-Curves function
has a big jump. Therefore, same as the conclusions in [Wang and Wahba (1995)), the
bootstrap confidence intervals from the LAP procedure should be interpreted as across
the curve, instead of pointwise. As we mentioned earlier, the bias of the estimates tends
to be large at places where f has sharp curvature or sudden jumps. Our simulations

support this claim, and we found that the confidence intervals tend to be very wide at
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these places as well.
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Figure 4.11: PCP, ACP, PAIW of the 95% bootstrap confidence intervals from
the LAP, BSML-C, and BSML-S procedures using the Blocks-Curves example with
SNR = 4 and n = 256. Top left: pointwise coverage probability comparisons be-
tween the LAP and BSML-C confidence intervals. Top right: pointwise coverage
probability comparisons between the LAP and BSML-S confidence intervals. Bot-
tom left: boxplots of the average coverage probabilities of the LAP, BSML-C, and
BSML-S confidence intervals. Bottom right: pointwise average interval width of the
LAP, BSML-C, and BSML-S confidence intervals. In the PCP and PAIW plots, red
solid curve represents LAP, black solid curve represents BSML-C, and blue solid curve
represents BSML-S. In the three coverage probability plots, the magenta dashed line
represents the nominal coverage probability of 0.95. The + symbols in the ACP panel
show the means for the three methods.
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Figure 4.12: PCP, ACP, PAIW of the 95% bootstrap confidence intervals from LAP,
BSML-C, and BSML-S procedures using the Blocks-Curves example with SNR = 6
and n = 512. Top left: pointwise coverage probability comparisons between the LAP
and BSML-C confidence intervals. Top right: pointwise coverage probability com-
parisons between the LAP and BSML-S confidence intervals. Bottom left: boxplots
of the average coverage probabilities of the LAP, BSML-C, and BSML-S confidence
intervals. Bottom right: pointwise average interval width of the LAP, BSML-C, and
BSML-S confidence intervals. In the PCP and PAIW plots, red solid curve represents
LAP, black solid curve represents BSML-C, and blue solid curve represents BSML-S.
In the three coverage probability plots, the magenta dashed line represents the nom-
inal coverage probability of 0.95. The + symbols in the ACP panel show the means
for the three methods.
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Figure 4.13: PCP, ACP, PAIW of the 95% bootstrap confidence intervals from LAP,
BSML-C, and BSML-S procedures using the Sine-Jumps example with SNR = 4 and
n = 256. Top left: pointwise coverage probability comparisons between the LAP and
BSML-C confidence intervals. Top right: pointwise coverage probability comparisons
between the LAP and BSML-S confidence intervals. Bottom left: boxplots of the
average coverage probabilities of the LAP, BSML-C, and BSML-S confidence intervals.
Bottom right: pointwise average interval width of the LAP, BSML-C, and BSML-S
confidence intervals. In the PCP and PAIW plots, red solid curve represents LAP,
black solid curve represents BSML-C, and blue solid curve represents BSML-S. In
the three coverage probability plots, the magenta dashed line represents the nominal
coverage probability of 0.95. The + symbols in the ACP panel show the means for
the three methods.
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Figure 4.14: PCP, ACP, PAIW of the 95% bootstrap confidence intervals from LAP,
BSML-C, and BSML-S procedures using the Sine-Jumps example with SNR = 6 and
n = 512. Top left: pointwise coverage probability comparisons between the LAP and
BSML-C confidence intervals. Top right: pointwise coverage probability comparisons
between the LAP and BSML-S confidence intervals. Bottom left: boxplots of the
average coverage probabilities of the LAP, BSML-C, and BSML-S confidence intervals.
Bottom right: pointwise average interval width of the LAP, BSML-C, and BSML-S
confidence intervals. In the PCP and PAIW plots, red solid curve represents LAP,
black solid curve represents BSML-C, and blue solid curve represents BSML-S. In
the three coverage probability plots, the magenta dashed line represents the nominal
coverage probability of 0.95. The + symbols in the ACP panel show the means for
the three methods.
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4.3 Estimation of Multivariate Functions

4.3.1 Additive Model Examples

Now consider the bivariate nonparametric regression model

Y; = fl(ZL‘il) + fQ(xiQ) + Eiy = 1, e, (44)

where x;; € [0,1] and z;5 € [0,1] are the observations of two explanatory variables for
observation y;, and the independent random errors € = (£q,...,¢,) have mean 0 and
constant variance o2. We choose from the same six univariate functions in Table to
construct three combinations, which are shown in Table [4.5] Table [4.6) contains the basis
libraries used in BSML-C, BSML-S, and LAP for each example.

Table 4.5: Test functions for additive model simulations.

Function Name | True Function f(x) SD(f)
Sine—Jumps SiIl<27T.T1) - ]_(0_571] (ZEl) + ].(0_2571} ((L’l> 1.6141
+ LW7 +(4zy — 2) + 2 exp[—256(z2 — 0.5)?]
Blocks-Curves Lj0.2,0.4)(21) + exp[(z1 4+ 0.5)%] 119407 (21) — 21 107,17 (21) L7702
-+ Sine—JumpS + sin(27m:1) — 1(0.5,1] (371) + 1(0.2571} (.Z'l)
Poly—Sine sin(167mc1) — 8(551 - 05)2 + 8(331 — 0.5)31(0.5’1] (.73'1) 1.1866
+ LW6 +sin[2(dws — 2)] + 2 exp|—256(x2 — 0.5)2] '
In the simulation, the design points (z;1, z;2) for i = 1,...,n are uniformly sampled

from [0,1] x [0,1], where the sample size is n € {256,512,1024}. The error variance o>
is chosen such that SNR € {1,2,3,4,5,6}. The knots used in all libraries are grid points
{0.064-0.025,7 = 1,2,...,44}. For the BSML and LAP procedures, the maximal number
of bases M is fixed at 30. For LAP, the IDF spaces are S; = {1,2,3} for i = 1,2, 3,4,

and M, is set to be [, |S:| = 3* = 81. The 10-fold cross validation is used to select
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Table 4.6: Basis libraries used in BSML-C, BSML-S, and LAP for each additive model
example. Notations of basis libraries can be found in Table

Function Name Basis Libraries

Lo Ly Ly L3 Ly
Sine-Jumps + LW7 {1, 21,22} | Pa(xq) To(z1) | Caxe) | T2(xs)
Blocks-Curves + Sine-Jumps | {1,z1, 22} | Co(21) To(x1) | Palxa) | To(z2)
Poly-Sine + LW6 {1, 1,20} | Fsos(x1) | T2(z1) | Caa) | Ta(a)

the final model in the look-ahead procedure.

We also applied the SSSJANOVA model, the COSSO method, and the MARS proce-
dure to these three examples. We used the function ssr in the R package assist (Wang
and Ke (2015)) to fit the SSFANOVA models. For the Blocks-Curves + Sine-Jumps
example, we assume f € WZ[0,1] ® Wi(per). For the Sine-Jumps + LW7 example,
we assume f € WZ(per) ® WZ[0,1]. For the Poly-Sine + LW6 example, we assume
f e W30,1] ® W$[0,1]. For all SSSANOVA models, only the main effects are included.
For the COSSO method, we used the function cosso in the R package cosso (Zhang
and Lin (2013)), with 10-fold cross validation for the tuning parameter selection. For
the MARS procedure, we used the function mars in the R package mda (Hastie et al.
(2015)), with degree = 1 which means no interaction term is included. The IDF used
in mars is fixed at 3, and the maximum number of model terms nk is fixed at 30. The
simulation results for BSML-C, BSML-S, LAP, SS-ANOVA, COSSO, and MARS based
on 100 random samples are shown in Figures —[A.17 The average CPU time for
each sample size is listed in Table [4.7]

Based on the results, MARS did not work well when SNR > 2 for all three examples.
For COSSO, it did not work well for the Poly-Sine + LW6 example. When SNR > 4,
LAP has the best performance for the Blocks-Curves 4+ Sine-Jumps and Polysine + LW6

examples across all sample sizes, and also for the Sine-Jumps + LW7 example when

119



Simulations

Chapter 4

the sample size is 256 or 512. On average LAP has selected fewer basis functions than

BSML-C and BSML-S. SSSANOVA has comparable performance as the BSML and LAP

procedures, but in terms of computation time it has disadvantage when the sample size

is big, e.g., when n = 1024. LAP and BSML-C have similar computation speed, both

are much faster than BSML-S.
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Figure 4.15: Simulation results for three additive model examples with n = 256.
The top panel shows the median v MSE across different SNR values for each exam-
ple, where the symbols used are: W for BSML-C, A for BSML-S, @ for LAP, + for
SS-ANOVA, x for COSSO, and ¢ for MARS. The middle panel shows the boxplots
of the vMSE when SNR = 3. The bottom panel shows the number of basis functions

selected by BSML-C, BSML-S, and LAP when SNR = 3.
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Figure 4.16: Simulation results for three additive model examples with n = 512.
The top panel shows the median v MSE across different SNR, values for each exam-
ple, where the symbols used are: B for BSML-C, A for BSML-S, @ for LAP, + for
SS-ANOVA, x for COSSO, and < for MARS. The middle panel shows the boxplots
of the vVMSE when SNR = 3. The bottom panel shows the number of basis functions

selected by BSML-C, BSML-S, and LAP when SNR = 3.
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Figure 4.17: Simulation results for three additive model examples with n = 1024.
The top panel shows the median v MSE across different SNR, values for each exam-
ple, where the symbols used are: B for BSML-C, A for BSML-S, @ for LAP, + for
SS-ANOVA, x for COSSO, and < for MARS. The middle panel shows the boxplots
of the vVMSE when SNR = 3. The results of fitting all three examples with MARS
and the result of fitting the Polysine + LW6 example with COSSO are not shown here
because they are much worse compared to the results from the BSML and LAP pro-
cedures. The bottom panel shows the number of basis functions selected by BSML-C,
BSML-S, and LAP when SNR = 3.
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Table 4.7: Average CPU time (in seconds) of fitting each additive model exam-
ple using BSML-C, BSML-S, LAP, SS-ANOVA, COSSO, MARS for sample sizes
n = 256, 512,1024 with SNR = 3.

Blocks-Curves + Sine-Jumps Sine-Jumps + LW7
n=256|n=>512|n=1024 | n =256 | n =512 | n=1024
BSML-C 0.89 1.73 3.51 1.04 1.35 3.29
BSML-S 8.23 16.26 30.82 8.16 22.23 37.46
LAP 0.65 1.37 2.04 1.09 1.86 2.85
SS-ANOVA 0.32 1.66 9.42 0.18 1.00 6.87
COSSO 0.39 0.87 3.11 0.27 0.86 2.61
MARS 0.05 0.06 0.05 0.02 0.02 0.02
Poly-Sine + LW6

n =256 | n=>512 | n=1024

BSML-C 1.04 1.39 3.33

BSML-S 8.36 22.80 39.34

LAP 0.81 1.18 1.56

SS-ANOVA 0.20 1.05 6.00

COSSO 0.30 0.94 2.88

MARS 0.02 0.02 0.03
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4.3.2 Models with Interactions

Consider the bivariate nonparametric regression model

yi = fi2(win, wn) 65, i=1,...,n, (4.5)

where x;; € [0,1] and x;5 € [0,1] are the observations of two explanatory variables
for observation y;, and the independent random errors € = (¢1,...,&,) have mean 0 and
constant variance o2. We constructed three examples of such function f, which are shown
in Table A8 Table [£.9 and [£.10] contain the basis libraries used in the BSML and LAP
procedures for each example. Here the knots used are z; = 0.06 + 0.025, j = 1,...,44.
For all three examples, £; to L5 contain similar spline representers used in SS-ANOVA
model with the model space W3[0,1] ® W3*[0,1]. Lg for the SJ-LW7 and BC-LW6
examples contains 2d step functions in x;, which are used to capture the jumps in the

true functions.

Table 4.8: Test functions for models with interactions.

Function Name | True Function f(x) SD(f)
SJ-LW7 2[05 Sin(27m:1) — 1(0.571}(371) + 1(0.24’1] (1'1)} 1.7930
+4xy + 6(z; — 0.5) exp[—256(z5 — 0.5)?]
BCLW6 1[0.270.4) (LUI) + eXp[(l’l + 0.5)2]1[0.470.7) (l’1> — .T%Ol[()j’l} (SL’1> 1 667]_
+sin[2(4ze — 2)] + 6(x; — 0.5) exp[—256(x9 — 0.5)?]
LW6-LW7 sin[2(4z; — 2)] + 6(z2 — 0.5) exp[—256(z; — 0.5)?] L6483
(s — 0.5) + 2exp|—256(z2 — 0.5)2] '
In the simulation, the design points (z;1, ;) for i = 1,...,n are uniformly sampled

from [0, 1] x [0, 1] for all examples. The sample size used is n € {256,512,1024}. The
error variance o is chosen such that SNR € {1,2,3,4,5,6}. For the BSML and LAP

procedures, the maximal number of bases M is fixed at 40. For the look-ahead procedure,
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the IDF spaces are S; = {1,2,3} for each library £;. My is set to be [[°_, [Si| = 3% = 729
for the SJ-LW7 and BC-LW6 examples, and [[0_, |S;| = 3° = 243 for the LW6-LW7
example. The 10-fold cross validation is used to select the final model in the look-ahead

procedure.

Table 4.9: Basis libraries for the SJ-LW7 and BC-LW6 examples.

Basis libraries for the SJ-LW7 and BC-LW6 examples

Lo= {1,291 — 05,25 — 0.5, (z1 — 0.5)(z2 — 0.5) }

£1 = Colw1) = {{Rawin, 20} {Ralmin, 7)), |

Lo = Colas) = {{R2 xig,zl)}l e { Ro(win, 7)) 1}

Ly = {{(Z1 — 0.5) (@i — 0.5) Ra(wiz, 21) Y-, { (24 — 0.5) (w1 — 0.5) Ra(wia, zq)}jzl}
L, — {{(z2 —0.5) (w2 — 0.5)Ra(ir, 20) Y., {24 — 0.5) (w2 — 0.5) o, zq)}jzl}

£5 = {{RQ Zi1, Zl)R2($i2, Zl)}z 10 {RQ(:B'M, ZQ)RQ(’I’LQ? ZQ>}:L:1}
76(1’1 {{1(21 1] mll)}l 17"'7{1(Zq>1]($i1)}?:1}

Table 4.10: Basis libraries for the LW6-LW7 example.

Basis libraries for the LW6-LW7 example

Lo={1,21 — 05,25 — 0.5, (z1 — 0.5)(z2 — 0.5)}

£ =Colwr) = {{Ralwa, )}y, - {Balin, 20) Yo, }

L2 = Cofws) = {{Ralwie, 20)} oo {Ralmia, 20) V1 }

Ly = {{(21 —0.5) (w1 — 0.5) R (12, 21) Y-, {(24 — 0.5) (@i — 0.5) Ra(xn, zq)}jzl}

£ ={{(z = 0.5)(ze = 05) Ralrar, 20)} 1, { (2 — 0.5)(wia — 0.5) Ralan, 20) ), |
- {{RQ(;CH,ZI)RZ(%Q,zl)}jzl, Ry xﬂ,zq)m(:pm,zq)}jﬂ}
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We also applied the SS-ANOVA model and the MARS procedure to these three
examples. For all examples, SS-ANOVA model assumes f € W2[0,1] @ W20, 1]. For the
MARS procedure, we set degree = 2 in mars which means we allow pairwise interactions
terms in the model. The IDF used is fixed at 3, and the maximum number of model
terms nk is fixed at 40. The simulation results for BSML-C, BSML-S, LAP, SS-ANOVA|
and MARS based on 100 random samples are shown in Figure —[£:20] The average
CPU time for each sample size is listed in Table |4.11

Based on the results, for both the SJ-LW7 and BC-LW6 examples LAP has the best
performance across all sample sizes when SNR > 3. For these two examples, it makes
sense that the LAP and BSML procedures outperform SS-ANOVA, since they can select
the step functions from Lg to fit the jumps perfectly while SS-ANOVA can only smooth
out the jumps using the cubic spline representers. For the LW6-LW7 example, however,
because the true function is continuous and can be approximated well by using only the
cubic spline representers, SS-ANOVA has better performance than the LAP and BSML
procedures. For all three examples, on average LAP selected fewer basis functions than
BSML-C and BSML-S. In terms of the computation speed, LAP is not as fast as BSML-C,

but is still at least 3 times faster than BSML-S.
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Figure 4.18: Simulation results for the SJ-LW7, BC-LW6, and LW6-LW7 examples
with n = 256. The top panel shows the median +MSE across different SNR, values
for each example, where the symbols used are: B for BSML-C, A for BSML-S, @ for
LAP, + for SS-ANOVA, and < for MARS. The middle panel shows the boxplots of
the vVMSE when SNR = 5. The bottom panel shows the number of basis functions

selected by BSML-C, BSML-S, and LAP when SNR = 5.

127



Simulations

SJOW7
©
.
wn
W o
)
= <
o
c
G @
6 o
(0]
=
o
—
S
SJOW7
3 B3
w S
2
3 :
pd —
EBe= — :
- -
oA = e
» < o P o
g ] 7 g kS
= 2 2 Z
3
SJOW7
o ]
53 —_
0 8
o .
(%] H
T o | |
m ™
-
=] [Te]
= N
[}
2 o
€ Q1 _°
B !
Z w | _—
— | —
S
BSML-C  BSML-S LAP

MSE

Median
01 02 03 04 05 06 0.7

JYMSE

01 02 03 04 05 06

Number of Bases

20

30 35 40

25

BC [LW6
1 2 3 2 5 6
SNR
BC [LW6
1 E — =
e — e
1 - —
¢ < © 9 3
g E H 2 :
BC [LW6
i ——
BSML-C BSML-S LAP

MSE

0.4

Median

0.2

JYMSE

0.10 0.15 0.20 0.25 0.30

Number of Bases

25

0.6

05

0.3

0.1

35 40

30

20

Chapter 4
LW6 [Lw7
IEY
1+
U e
SNR
Lwe w7
. H : —
e g g
LW6 w7
P BSML-S LAP

Figure 4.19: Simulation results for the SJ-LW7, BC-LW6, and LW6-LW7 examples
with n = 512. The top panel shows the median vMSE across different SNR values
for each example, where the symbols used are: B for BSML-C, A for BSML-S, @ for
LAP, + for SS-ANOVA, and < for MARS. The middle panel shows the boxplots of
the vVMSE when SNR = 5. The bottom panel shows the number of basis functions

selected by BSML-C, BSML-S, and LAP when SNR = 5.
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Figure 4.20: Simulation results for the SJ-LW7, BC-LW6, and LW6-LW7 examples
with n = 1024. The top panel shows the median vMSE across different SNR, values
for each example, where the symbols used are: B for BSML-C, A for BSML-S, @ for
LAP, + for SS-ANOVA, and < for MARS. The middle panel shows the boxplots of
the vVMSE when SNR = 5. The bottom panel shows the number of basis functions
selected by BSML-C, BSML-S, and LAP when SNR = 5.
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Table 4.11: Average CPU time (in seconds) of fitting the SJ-LW7, BC-LW6, and
LW6-LW7 examples using BSML-C, BSML-S, LAP, SS-ANOVA, MARS for sample
sizes n = 256,512,1024 with SNR = 5.
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SJ-LWT7 BC-LW6
n=256|n=>512|n=1024 | n =256 | n =512 | n =1024
BSML-C 1.67 3.10 5.18 1.61 3.19 5.20
BSML-S 17.90 34.25 67.16 17.62 34.11 67.55
LAP 3.43 5.00 8.06 4.34 7.73 11.43
SS-ANOVA 1.60 9.65 61.28 1.62 9.59 61.56
MARS 0.02 0.04 0.06 0.02 0.03 0.05
LW6-LW7

n =256 | n=>512 | n=1024

BSML-C 1.32 2.70 4.31

BSML-S 14.74 28.39 96.02

LAP 1.74 3.34 5.46

SS-ANOVA 1.37 7.84 51.29

MARS 0.02 0.03 0.05
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4.4 Three Other Examples

Now we consider three other examples where the true function f is not additive in

nature. Similar examples can be found in (2005). Again consider the model in (4.5).

The true functions f(x1, ) are listed in Table and plotted in Figure - 4.23
Table - contain the basis libraries used in the BSML and LAP procedures for

each example.

Table 4.12: Test functions of the Paraboloid-Jump, Mexican hat, and Sinusoid-Jump
examples.

Function Name | True Function f(x) SD(f)

—2[(z1 — 0.5)% + (22 — 0.5)?]
+0.5 X 1jg0.00){ (z1 — 0.5)% + (22 — 0.5)?}
Mexican hat (2m) (2 — 27 — 2}) exp ( — 0.5(z} + 23)) 0.0498

Paraboloid-Jump 0.4051

Sinusoid-Jump 0.5(1 — 1)@ + [1 4 0.28in(2721) | 10,6 sin(rer)+0.2,1) (T2) | 0.5716

Figure 4.21: Paraboloid-Jump function.
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Figure 4.23: Sinusoid-Jump function.
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Table 4.13: Basis libraries for the Paraboloid-Jump example.

Basis libraries for the Paraboloid-Jump example

Ly = {1}

Ly = {xh $%, ]}?}

‘C2 = {$27 I%? ng}

Ls = {1 {(z1 — c1)® + (x2 — c2)*}, where ¢;, ¢, € {0.2,0.3,...,0.8},

r€{0.1,0.2,...,0.5}}

Ls =

L, = {eXp{ —0.09[(z1 — 1)? + (22 — c2)?] }, where ¢y, ¢5 € {0.2,0.3, .. ,0.8}}

exp{ — 0.36[(1’1 — 1)+ (29 — 02)2} },Where c1,c0 € {0.2,0.3, ... ,0.8}}

Table 4.14: Basis libraries for the Mexican hat example.

Basis libraries for the Mexican hat example

1)

exp{ - O.O9[(x1 — )2+ (29 — 62)2} },Where c1,c0 € {—3,-2,—-1,0,1,2, 3}}

)
(=)
I

O
I

o
[

exp{ —0.36[(z1 — ¢1)* + (z2 — 2)?] }, where ¢1, ¢ € {—3,-2,-1,0,1,2,3}

exp{ — [(z1 — c1)* + (z2 — ¢2)?] }, where ¢1, ¢ € {—3,-2,-1,0,1,2, 3}}

D
W~
I

exp{ —4[(z1 — c1)® + (z2 — )% }, where ¢1,¢5 € {-3,-2,-1,0,1,2, 3}}

0
[

D
w
I
— = N =

exp{ —9[(z1 — c1)* + (z2 — )% }, where ¢1,¢5 € {-3,-2,-1,0,1,2, 3}}
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Table 4.15: Basis libraries for the Sinusoid-Jump example.

Basis libraries for the Sinusoid-Jump example

Ly = {1}

Ly = {$17$2,$1$2}

Loy = {sin(rkz),cos(mkz) : k=1,2,3,4,5}

L3 = 1igsin@rb-121)+e1) (T2)Where a, c € {0.2,0.4,0.6},b € {1,2,4}

Ly = {@gm for & € Lo9,&, € £3} (tensor product basis functions)

£5 == {&fj,where & € {1[di7di+1](‘r1)7i == 1, ceey 10}, gj S {1[dj7dj+1]<l'2),j == 1, ceey 10},

d;,d; are the ith and jth elements of the sequence (0,0.1,...,0.9, 1)}

Ls = Co(xq), with knots {0.02 4+ 0.015,5 = 1,...,95}

For the Paraboloid-Jump example, L3 contains the 2d step functions which have
jumps for points inside a circle with different center locations and radii. Bases from L3
are used to capture the jump in the Paraboloid-Jump function. £, and L5 contains radial
basis functions which have shapes close to the paraboloid.

For the Mexican hat example, the nonnull libraries contains radial basis functions
with different centers and shape parameters. These bases can be used to approximate
the Mexican hat function well because both are closely related to the Gaussian density.

For the Sinusoid-Jump example, L3 contains the 2d step functions which have jumps
for x4 is greater or equal to the sine functions of xy with different amplitudes, periods,
and shifts. These basis functions are used to capture the jump in the Sinusoid-Jump
example. We also included another type of step functions, which are the 2d B-spline
function with degree equal to zero contained in L5. If a basis selection procedure works
well, then it should not select a basis from L5 since none of the bases from L5 is used to

construct the Sinusoid-Jump function. To fit the continuous part of the Sinusoid-Jump
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function, we have the Fourier series in L, the tensor product basis functions in L4, and
the cubic spline representers of z; in Lg. A good basis selection procedure should select
a single basis function from L4, and none from Lg.

In the simulation, the design points (z;1, z;) for i = 1,...,n are uniformly sampled
from [0, 1] x [0, 1] for the Paraboloid-Jump and Sinusoid-Jump examples. For the Mexican
hat example, they are uniformly sampled from [—4, 4] x [—4,4]. The sample size used is
n € {256,512,1024}. The error variance o2 is chosen such that SNR € {1,2,3,4,5,6}.
For the BSML and LAP procedures, the maximal number of bases M is fixed at 30. For
the look-ahead procedure, the IDF spaces are S; = {1,2,3} for each library £;. M, is
set to be H?Zl |S;| = 3% = 243 for the Paraboloid-Jump and Mexican hat examples, and
12, |S:| = 3% = 729 for the Sinusoid-Jump example. The 10-fold cross validation is used
to select the final model in the look-ahead procedure.

We also applied the SS-ANOVA model and the MARS procedure to these three
examples. For all examples, SS-ANOVA model assumes f € WZ2[0,1] @ W0, 1], where
the support for the Mexican hat example has been scaled to [0, 1] x [0, 1]. For the MARS
procedure, we set degree = 2 in mars which means we allow pairwise interactions terms
in the model. The IDF used is fixed at 3, and the maximum number of model terms
nk is fixed at 30. The simulation results for BSML-C, BSML-S, LAP, SSSANOVA, and
MARS based on 100 random samples are shown in Figure —[.26] The average CPU
time for each sample size is listed in Table |[4.16]

Based on the results, MARS did not work well for all three examples and SS-ANOVA
works relatively well only for the Mexican hat example. LAP has the best performance
for the Sinusoid-Jump example when SNR > 3 across all sample sizes. For the other two
examples, LAP has similar performance as the BSML procedures. In terms of compu-
tation speed, LAP is faster than BSML-S for all examples, and is similar to BSML-C

except for the Sinusoid-Jump example.
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Figure 4.24: Simulation results for the Paraboloid-Jump, Mexican hat, and Sinu-
soid-Jump examples with n = 256. The top panel shows the median +MSE across
different SNR values for each example, where the symbols used are: B for BSML-C, A
for BSML-S, @ for LAP, + for SS-ANOVA, and < for MARS. The middle panel shows
the boxplots of the vMSE when SNR = 3. The results of fitting all three examples
with MARS are not shown here because they are much worse compared to the results
from the BSML and LAP procedures. The bottom panel shows the number of basis
functions selected by BSML-C, BSML-S, and LAP when SNR = 3.
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Figure 4.25: Simulation results for the Paraboloid-Jump, Mexican hat, and Sinu-
soid-Jump examples with n = 512. The top panel shows the median +MSE across
different SNR values for each example, where the symbols used are: B for BSML-C, A
for BSML-S, @ for LAP, + for SS-ANOVA, and < for MARS. The middle panel shows
the boxplots of the vMSE when SNR = 3. The results of fitting all three examples
with MARS are not shown here because they are much worse compared to the results
from the BSML and LAP procedures. The bottom panel shows the number of basis
functions selected by BSML-C, BSML-S, and LAP when SNR = 3.
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Figure 4.26: Simulation results for the Paraboloid-Jump, Mexican hat, and Sinu-
soid-Jump examples with n = 1024. The top panel shows the median v MSE across
different SNR values for each example, where the symbols used are: B for BSML-C, A
for BSML-S, @ for LAP, + for SS-ANOVA, and < for MARS. The middle panel shows
the boxplots of the vMSE when SNR = 3. The results of fitting all three examples
with MARS are not shown here because they are much worse compared to the results
from the BSML and LAP procedures. The bottom panel shows the number of basis
functions selected by BSML-C, BSML-S, and LAP when SNR = 3.
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Table 4.16: Average CPU time (in seconds) of fitting the Paraboloid-Jump, Mexican
hat, and Sinusoid-Jump examples using BSML-C, BSML-S, LAP, SS-ANOVA, MARS
for sample sizes n = 256,512, 1024 with SNR = 3.

To sum up, based on the simulations presented in Sections —[44] we conclude
that our look-ahead procedure has similar or better performance compared to the BSML
procedures, and it tends to select fewer basis functions on average. Moreover, in terms

of the computation speed our procedure is superior than BSML-S, and has the edge over

BSML-C in some situations.
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Paraboloid-Jump Mexican hat
n=256|n=>512|n=1024 | n =256 | n =512 | n = 1024
BSML-C 1.63 3.06 6.57 1.08 2.12 4.27
BSML-S 15.21 31.62 52.54 13.39 28.64 43.03
LAP 1.40 2.47 4.71 1.55 2.39 3.41
SS-ANOVA 0.85 4.56 36.31 0.47 2.08 9.16
MARS 0.01 0.02 0.03 0.02 0.02 0.04
Sinusoid-Jump

n =256 | n=>512 | n=1024

BSML-C 2.37 4.48 9.71

BSML-S 21.64 43.28 74.05

LAP 6.41 10.13 16.31

SS-ANOVA 0.97 5.50 50.76

MARS 0.01 0.02 0.03




Chapter 5

Applications

5.1 Well Log

The well log data were introduced in Ruanaidh and Fitzgerald (1996). These data
contain measurements of magnetic resonance of the rock strata at different time points
while drilling a well. The response magnetic resonance is in the scale of 10*. The
data set is available at http://mldata.org/repository/data/viewslug/well-log/.
Because the data contain a considerable number of outliers, we removed the 40 smallest
observations as done similarly in Ruanaidh and Fitzgerald (1996). The adjusted data
set contains 4010 observations and is plotted in Figure 5.1 The explanatory variable
is scaled into « = [0,1]. Here is the R code for loading the data set and creating the
variables.

library(bsml)
library(assist)
source ("LAP.R")

wl <- read.csv("well-log.csv", header=FALSE)
N <- nrow(wl)

outliers <- order(wl([,1]) [1:40]

y <- wl[-outliers,1]/(1074)
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n <- length(y)
time <- c(1:N) [-outliers]
x <= (time-min(time))/(max(time)-min(time))

plot(time, y, type="l1", ylab="Magnetic Resonance", xlab="Time Points")

12 13 14
I I I

11
I

Magnetic Resonance

10
I

T T T T
0 1000 2000 3000 4000

Time Points

Figure 5.1: Well log data

We first fit a cubic spline to the data using the R function ssr in the assist package,
where the smoothing parameter is selected by the generalized maximum likelihood (GML)
criterion. The fit is shown in Figure 5.2l Here is the R code we used:

fit.ssr <- ssr(y“x, cubic(x), spar="m")

plot(time, y, col="gray", ylab="Magnetic Resonance", xlab="Time Points",
main="Cubic Spline", xaxt="n", cex.lab=1.5, cex.main=2)

axis(1, at=seq(0,4100, by=200), label=seq(0,4100, by=200))

lines(time, fit.ssr$fit, 1lwd=3, col=3)

We can see that cubic spline overfits the data. For example, at time points around

1210, and 1430 the fit is clearly affected by some outliers.
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Figure 5.2: Cubic spline fits of the well log data. The Gray dots are the observations.
The green line is the cubic spline fit with the smoothing parameter selected by GML
criterion.

Next we fit the data using BSML-C, BSML-S and LAP. Table [5.1] lists the libraries
of basis functions used in these procedures.

Table 5.1: Basis libraries for the well log example.

/:0 = {1, JI}

Ly = Cy(x), with knots {0.015,5 =1,...,99}

Lo =To(x) = {1(%1](@, L 1(,299,1](9;)}, 2 =0.01j, j=1,...,99

Ly=Tiw) = {(@ = 21),- o, (2= 20)s |, 25 = 0,01, j =1,...,99

Ly =T(z) = {(m —z2), . (e — zgg)i}, zj=0.015, 7=1,...,99

Here is how we generate the libraries of basis functions in R:

loc <- seq(0.01,0.99,0.01)
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baseslist.gen <- function(x, loc){

n <- length(x)

pt <- rep(1,n)%o%loc

LO <- cbind(1, x)

L1 <- cubic(x,t=loc)

L2 <- 1*(x>pt)

L3 <- (x-pt)*(x>pt)

L4 <- (x-pt) 2% (x>pt)

baseslist <- 1list(LO, L1, L2, L3, L4)
return(baseslist)

baseslist <- baseslist.gen(x, loc)

For the BSML and LAP procedures, we specified M = 100, which allows at most 100
basis functions to be selected in the final model (including the null bases). Here are the
R codes for fitting the data using BSML-C and BSML-S.

# BSML-C:
fit.bsmlc <- bsml(y, baseslist, method="bsmlc", maxbas=100)

# BSML-S:
fit.bsmls <- bsml(y, baseslist, method="bsmls", maxbas=100)

# Figure 5.3:

par (mfrow=c(2,1))

plot(time, y, col="gray", ylab="Magnetic Resonance", xlab="Time Points",
main="BSML-C", xaxt="n", cex.lab=1.5, cex.main=2)

axis(1, at=seq(0,4100, by=200), label=seq(0,4100, by=200))

lines(time, fit.bsmlc$fit, 1lwd=3, col=1)

plot(time, y, col="gray", ylab="Magnetic Resonance", xlab="Time Points",
main="BSML-S", xaxt="n", cex.lab=1.5, cex.main=2)
axis(1l, at=seq(0,4100, by=200), label=seq(0,4100, by=200))
lines(time, fit.bsmls$fit, 1lwd=3, col=4)
The BSML-C and BSML-S fits are shown in Figure [5.3. The BSML-C procedure

also seem to overfit the data. The fit contains many small jumps besides the obvious

big jumps. In comparison, the BSML-S procedure gives a smoother fit. BSML-C has
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selected 90 basis functions, among which 55 of them are from £5. BSML-S has selected

90 basis functions, among which 20 of them are from L,.
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Figure 5.3: BSML-C and BSML-S fits of the well log data. The Gray dots are the
observations. The black line in the top panel is the BSML-C fit. The blue line in the
lower panel is the BSML-S fit.
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For the LAP, the IDF values used are {1,2,3,4,5,6} for each library, since this works
well for the Sine-Jumps and Blocks-Curves examples in our simulation. The input IDF
matrix contains in total 6* = 1296 IDF tuning vectors. By the default setting in LAP,
My = 1296, so that given any tuning vector in the IDF matrix, there exists a unique
candidate model generated from the forward selection process. Figure [5.4]shows the LAP
fit together with the 95% bootstrap confidence interval. Here for the confidence interval
we specified the number of bootstrap replicates to be bootrep = 200. The R code used
is shown below.

# LAP:

nlib <- length(baseslist)

idfs <- append(list(1),rep(list(c(1:6)),nlib-1))
idfs <- as.matrix(expand.grid(idfs))

set.seed(123)
fit.lap <- LAP(y, baseslist, maxbas=100, idfs=idfs, criterion="BIC")

# Confidence interval for LAP:
pred.lap <- predict.LAP(fit.lap, bases.include=c(1,1,1,1,1,1),
new.baseslist=baseslist, confint=T)

# Figure 5.4:

par (mfrow=c(1,1))

plot(time, y, col="gray", ylab="Magnetic Resonance", xlab="Time Points",
main="LAP", xaxt="n", cex.lab=1.5, cex.main=2)

axis(1l, at=seq(0,4100, by=200), label=seq(0,4100, by=200))

lines(time, pred.lap$fit, lwd=3, col=2)

lines(time, pred.lap$lower, col=1, 1lwd=2, 1lty=2)

lines(time, pred.lap$upper, col=1, 1lwd=2, 1lty=2)

The LAP fit has the most parsimonious representations in terms of the basis func-
tions since only 41 bases are selected, among which 13 of them are from £5. LAP has
successfully identified the major jumps and does not overfit the data by adding small

jumps like BSML-C does. Although BSML-S does a better job than BSML-C, its fit is

still affected by some outliers when compared to LAP, for example at time points around
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Figure 5.4: LAP fit of the well log data. The Gray dots are the observations. The
red solid line is the LAP fit. The black dashed lines are the lower and upper bounds
of the 95% bootstrap confidence interval.
40 and 1010.

5.2 Ozone Pressure

The Antarctic ozone hole refers to the ozone depletion observed in the stratosphere of
the antarctic region. This phenomenon has be widely studied, for example see [Solomon
(1999). Ozone depletion in Antarctica was first documented in 1985, and is observed dur-
ing the Spring season. We will use the ozonesonde data collected at the Amundsen-Scott
South Pole Station to investigate this phenomenon. The data is available on the Na-
tional Oceanic and Atmospheric Administration website: ftp://ftp.cmdl.noaa.gov/
ozwv/0zonesonde/SouthPole, Antartica/100MeterAverageFiles/. The raw data be-
tween September 2006 and August 2009 contains 0.1-km vertical averages of the ozone

partial pressure (in mPa) for 207 unique ozonesonde launch dates. We will focus on the
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altitude levels (in km) within the range 11 km to 30 km, where the lower stratosphere is
located. Among the total 207 launch dates, we selected 181 dates for which few than 20
values are missing for the ozone partial pressure at the altitude levels of interest.

For our analysis, the response variable is the ozone partial pressure. The covariates
are the altitude (from 11 km to 30 km for every 0.1 km, in total 191 levels) and the dates
of the records. For convenience, we treat the dates as numerical by counting the number
of days elapsed since the start of the records, which is September 06, 2006. We call this
variable “day”. For example, for the first record, day = 1. For the second record that
occurred on September 09, 2006, day = 4, and so on. The variable “day” has 181 unique
values.

Instead of including all the 191 different altitude levels in our analysis, we used two
subsets of them. The first subset consists of altitude levels {10+ j: 5 =1,...,20}. The
second subset consists of altitude levels {10.5+ 7 :j =1,...,19}. All the observations
with altitude levels in the first subset forms the training set. All the observations with
altitude levels in the second subset forms the test set. We will build models based on
the training set, and test their performances using the test set. For the training set, 91
out of 3620 observations are missing. For the test set, 54 out of 3439 observations are
missing. Most of the missing values occur at upper altitudes on a subset of dates. We
scale the covariates altitude and day in both the training set and the test set to [0, 1].
Denote x; as the scaled altitude and z; as the scaled day.

In the R code below, alt.train and alt.test are the first and the second sub-
sets of distinct altitude levels. date.uni contains unique values of the variable day.
ozone.train is a 20 x 181 matrix that contains observed ozone partial pressure from the
training set. ozone.test is a 19 x 181 matrix that contains observed ozone partial pres-
sure from the test set. The (i, j)th element in ozone.train and ozone.test corresponds

to the ozone pressure observed at the ith altitude on jth ozonesonde launch date. The
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missing values in ozone.train are removed to form the 3529 x 1 vector ozone. index.na
contains the indices of these missing values. x1 and x2 are 3529 x 1 vectors that con-
tain the scaled altitude and the scaled day respectively for each observation in ozone.
x1.test and x2.test are the scaled covariates for the observations in ozone.test. The
code used to generate x1, x2, x1.test, and x2.test is given below.

library(assist)
library(bsml)
library(gss)
library(lattice)
source ("LAP.R")

alt.train <- seq(from=11, to=30, by=1)
n.date <- length(date.uni)
n.alt <- length(alt.train)

index.na <- which(is.na(ozone.train))
ozone <- na.omit(as.vector(ozone.train))
n <- length(ozone)

covar <- as.matrix(expand.grid(alt.train, date.uni))
varl <- covar[-index.na,1]
var2 <- covar[-index.na,2]

x1 <- (varl-min(varl))/(max(varl)-min(varl))
x2 <- (var2-min(var2))/(max(var2)-min(var2))

alt.test <- seq(from=11.5, to0=29.5, by=1)
covar.test <- expand.grid(alt.test, date.uni)
x1.test <- (covar.test[,1]-min(varl))/(max(varl)-min(varl))
x2.test <- (covar.test[,2]-min(var2))/(max(var2)-min(var2))

The following R code is used to generate the level plot of the ozone partial pressure,
shown in Figure[5.5] Here month.tick and month.labels are the tick mark locations and
labels for the x-axis of the level plot. The level plot illustrates that the lowest ozone partial

pressure occurred between 14 km and 20 km in September, October, and November. In

addition, the frequency of launches shows seasonality. Among all the launches of interest,
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the months with most frequent launches were September and October, with a total of
30 and 31 launches respectively. In contrast, the month with fewest launches was April,

which had only 6 launches in total.

# Figure 5.5:

levelplot (t(ozone.train), aspect=0.5,
ylab=1list(label="Altitude (km)", cex=1.5),
xlab=1list (label="Month/Year", cex=1.5),
main=list(label="0zone Pressure from Sep 2006

to Aug 2009 \n (training set)", cex=2),
col.regions = topo.colors(300),
at=seq(min(ozone.train, na.rm=TRUE),
max (ozone.train, na.rm=TRUE), length=300),
colorkey=list(tick.number=10, labels=list(cex=1.2)),
scales=list(x=1list(cex=1, at=month.tick, labels=month.labels),
y=list(cex=1.4), at=1:n.alt))

Ozone Partial Pressure from Sep 2006 to Aug 2009

(training set)
r18
r16
rl4

ri2

10

Altitude (km)

9/06 10/06 12/06 2/07  4/07 6/07 8/07 10/07 12/07 2/08 4/08 6/08 8/08 10/08 12/08 2/09 4/09 6/09 8/09
Month/Year

Figure 5.5: Level plot of the ozone partial pressure at altitudes 11 km, 12 km, ..., 30
km, for 181 launch dates between September 2006 and August 2009.
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We first fit an SS-ANOVA model with the model space WZ[0,1] x WZ(per) to the
training set, using the R package gss (Gu/(2013a))). The smoothing parameter is selected
by the generalized maximum likelihood (GML) criterion. The following R code is used:

set.seed(321)

# SS-ANOVA:

z2 <- 3*x2

fit.gss <- ssanova(ozone~x1*z2, type=list(x1=list("cubic", c(0,1)),
z2=list("per", c(0,3))), nbasis=100, method="m"

Here we multiply x2 by 3 to make the period of the periodic spline representers to be 1/3,

so the data for each year are fitted using the same periodic spline representers. In order

to make fair comparisons between the performance of the SS-FANOVA model and that

of the BSML and LAP procedures, we specified nbasis=100, so 100 randomly selected

knots are used in the SS-ANOVA model.

Next we fit the training data using the BSML and LAP procedures. Table lists
the libraries of basis functions used in these procedures. Here L£; contains cubic spline
representers for the altitude, where the knots used are the unique values of z;. L,
contains Fourier series with the frequencies equal to multiples of 3, because the data are
from three years. The bases in £, can be used to model the seasonal main effect of day
on the ozone partial pressure. L3 contains the basis functions that are tensor products
of the bases from {z; — 0.5} U £; and the bases from L. The bases in L3 can be used

to model the interaction effect of the covariates altitude and day on the ozone partial

pressure. There are 462 basis functions in total.
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Table 5.2: Basis libraries for the ozone example.

EO = {1,%’1 — 05}

L1 = Co(x1), with knots {(j —1)/19,5 =1,...,20}

Lo = {sin(6rkas), cos(6mkas) : k=1,2,...,10}

L3 = {fzﬁj (& € {{L‘l — 05} U Ly, fj S £2}

The following code is used to generate the basis libraries for the training set and the
test set:

baseslist.gen <- function(xl, x2, loc){

# LO:
L.null <- cbind(1, x1-0.5)
# L1:
L.cubic <- cubic(xl, t=loc)
# L2:

kappa <- c(1:10)

L.fou <- cbind(sin(6*pi*x2jo%kappa),cos(6*pi*x2j,0%kappa))

# L3:

L.prod <- (cbind(x1-0.5,L.cubic)%x/matrix(1,ncol=ncol(L.fou)))*
(matrix(1,ncol=ncol(cbind(x1-0.5,L.cubic)))%x%L.fou)

baseslist <- list(L.null, L.cubic, L.fou, L.prod)

return(baseslist)

# libraries of basis functions for the training set:
baseslist <- baseslist.gen(xl, x2, loc=unique(x1))

# libraries of basis functions for the test set:
baseslist.test <- baseslist.gen(xl.test, x2.test, loc=unique(x1))

For the BSML and LAP procedures, we specified the maximum number of bases that
can be selected to be M = 100. The following code is used to fit the training data with
the BSML procedures.

set.seed(321)
# BSML-C:
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fit.bsmlc <- bsml(ozone, baseslist, method="bsmlc", maxbas=100)

# BSML-S:
fit.bsmls <- bsml(ozone, baseslist, method="bsmls", maxbas=100)

For LAP, we first tried the IDF values {0.5,1,1.5,2} for each library, so the input
IDF matrix contains in total 4> = 64 IDF tuning vectors. By the default setting in
LAP, M; = 64, so that each tuning vector in the IDF matrix corresponds to a unique
candidate model generated from the forward selection process. The fitted object is named
fitl.lap in the code below. The IDF values selected by cross validation in fitl.lap
are 1, 0.5, and 0.5 for L1, L5, and L3 respectively. Therefore, we adjusted the IDF values
to be {0.2,0.5,0.8, 1} for each library, and refit the training data with LAP to obtain the
final model. The second fitted objected is named £it2.1lap. Given below is the code for

fitting the training data twice with LAP.

idfsl <- append(list(1),rep(list(c(0.5, 1, 1.5, 2)),nlib-1))
idfsl <- as.matrix(expand.grid(idfs1))

set.seed(321)

fitl.lap <- LAP(ozone, baseslist, maxbas=100,
idfs=idfsl, criterion="BIC")

fitl.lap$idfs.cv

## Adjust the IDF tuning values and refit with LAP:

idfs2 <- append(list(1),rep(list(c(0.2, 0.5, 0.8, 1)),nlib-1))
idfs2 <- as.matrix(expand.grid(idfs2))

set.seed(321)
fit2.lap <- LAP(ozone, baseslist, maxbas=100,
idfs=idfs2, criterion="BIC")

Figures [5.6] 5.7 5.8} and [5.9] are the level plots of the fitted ozone partial pressure
at 191 equally spaced grid points for altitude and 218 equally spaced grid points for

day, by using SS-ANOVA model, BSML-C, BSML-S, and LAP procedures respectively.
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Figures and show the observed and fitted ozone partial pressure at six specific
altitudes, so that the differences among SS-ANOVA fit, BSML fits and LAP fit can be

seen more easily. The following code is used to generate these figures.

## Fitted values at the grid points for SS-ANOVA, BSML-C, BSML-S, LAP:
gridl <- seq(11, 30, 0.1)
n.gridl <- length(gridl)
grid2 <- seq(1, 1086, 5)
n.grid2 <- length(grid2)

X.grid <- expand.grid((grid1-11)/(30-11), (grid2-1)/1085)
xl.grid <- X.gridl[,1]
x2.grid <- X.gridl[,2]

fitted.gss <- matrix(predict(fit.gss, newdata=data.frame(x1l=x1.grid,
z2=3%x2.grid)), nrow=length(gridl), ncol=length(grid2))

baseslist.grid <- baseslist.gen(xl.grid, x2.grid, loc=unique(x1))
fitted.bsmlc <- matrix(predict(fit.bsmlc, bases.include=c(1,1,1,1,1),
new.baseslist=baseslist.grid, confint=F),
nrow=n.gridl, ncol=n.grid2)
fitted.bsmls <- matrix(predict(fit.bsmls, bases.include=c(1,1,1,1,1),
new.baseslist=baseslist.grid, confint=F),
nrow=n.gridl, ncol=n.grid2)
fitted.lap <- matrix(predict.LAP(fit2.lap, bases.include=c(1,1,1,1,1),
new.baseslist=baseslist.grid, confint=F)$fit,
nrow=n.gridl, ncol=n.grid2)

# Tick marks and labels for the plots:
month.tick2 <- c(1, 12, 25, 36, 49, 61, 73, 85, 98,
110, 122, 134, 146, 159, 171, 183, 195, 207)
month.labels2 <- c("9/06", "11/06", "1/07", "3/07", "&/07", "7/07",
"9/07", "11/07", "1/08", "3/08", "5/08", "7/08",
"9/08", "11/08", "1/09", "3/09", "5/09", "7/09")
alt.labels <- seq(11,30,1)
alt.tick <- seq(1l, 191, 10)

# Figure 5.6:
levelplot(t(fitted.gss), aspect=0.5,
ylab=1list(label="Altitude (km)", cex=1.5),
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xlab=1list (label="Month/Year", cex=1.5),
main=1list(label="SS-ANOVA fit of the ozone partial
pressure based on the training set", cex=2),

col.regions = topo.colors(300),
at=seq(min(fitted.gss, na.rm=TRUE),

max (ozone.train, na.rm=TRUE), length=300),
colorkey=list(tick.number=10, labels=list(cex=1.2)),
scales=list(x=1list(cex=1,at=month.tick2, labels=month.labels2),
y=list(cex=1.4, at=alt.tick, labels=alt.labels)))

# Figure 5.7:

levelplot(t(fitted.bsmlc), aspect=0.5,
ylab=1list(label="Altitude (km)", cex=1.5),
xlab=list(label="Month/Year", cex=1.5),
main=1list(label="BSML-C fit of the ozone partial

pressure based on the training set", cex=2),
col.regions = topo.colors(300),
at=seq(min(fitted.bsmlc, na.rm=TRUE),
max (ozone.train, na.rm=TRUE), length=300),

colorkey=1list(tick.number=10, labels=list(cex=1.2)),
scales=list(x=1list(cex=1,at=month.tick2, labels=month.labels2),
y=list(cex=1.4, at=alt.tick, labels=alt.labels)))

# Figure 5.8:

levelplot(t(fitted.bsmls), aspect=0.5,
ylab=1list(label="Altitude (km)", cex=1.5),
xlab=1list(label="Month/Year", cex=1.5),
main=1ist(label="BSML-S fit of the ozone partial

pressure based on the training set", cex=2),
col.regions = topo.colors(300),
at=seq(min(fitted.bsmls, na.rm=TRUE),
max (ozone.train, na.rm=TRUE), length=300),

colorkey=list(tick.number=10, labels=list(cex=1.2)),
scales=list(x=1list(cex=1,at=month.tick2, labels=month.labels2),
y=list(cex=1.4, at=alt.tick, labels=alt.labels)))

# Figure 5.9:
levelplot(t(fitted.lap), aspect=0.5,
ylab=1list(label="Altitude (km)", cex=1.5),
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xlab=1list (label="Month/Year", cex=1.5),
main=1ist(label="LAP fit of the ozone partial
pressure based on the training set", cex=2),

col.regions = topo.colors(300),
at=seq(min(fitted.lap, na.rm=TRUE),

max (ozone.train, na.rm=TRUE), length=300),
colorkey=list(tick.number=10, labels=list(cex=1.2)),
scales=list(x=1list(cex=1,at=month.tick2, labels=month.labels2),
y=list(cex=1.4, at=alt.tick, labels=alt.labels)))

# Figure 5.10:
par (mfrow=c(3,1))
for(i in c(2,5,8))1{
plot(grid2, fitted.gss[10*x(i-1)+1,], type="1",
col=3, lwd=2, ylim=range(0,17),
main=paste("Altitude = ", alt.train[i], "km"),
cex.main=2, ylab="", xlab="", xaxt="n", yaxt="n")
lines(grid2, fitted.lap[10*(i-1)+1,], col=2, lwd=2)
lines(grid2, fitted.bsmlc[10*(i-1)+1,], col=1, 1lwd=2)
points(date.uni, ozone.train[i,], col="gray60")
axis(1l,at=grid2[month.tick2], labels=month.labels?2)
axis(2, at=seq(0,17,2), labels=seq(0,17,2))
mtext ("Month/Year", side=1, line=3)
mtext ("Ozone Partial Pressure (mPa)", side=2, line=2.5)

# Figure 5.11:
par (mfrow=c(3,1))
for(i in c(11,14,17)){
plot(grid2, fitted.gss[10*(i-1)+1,], type="1",
col=3, lwd=2, ylim=range(0,17),
main=paste("Altitude = ", alt.train[i], "km"),
cex.main=2, ylab="", xlab="", xaxt="n", yaxt="n")
lines(grid2, fitted.lap[10*(i-1)+1,], col=2, 1lwd=2)
lines(grid2, fitted.bsmlc[10*(i-1)+1,], col=1, 1lwd=2)
points(date.uni, ozone.train[i,], col="gray60")
axis(1,at=grid2[month.tick2], labels=month.labels?2)
axis(2, at=seq(0,17,2), labels=seq(0,17,2))
mtext ("Month/Year", side=1, line=3)
mtext ("Ozone Partial Pressure (mPa)", side=2, line=2.5)
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SS-ANOVA fit of the ozone partial pressure based on the training set
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Figure 5.6: Level plot of SS-ANOVA fit of the ozone partial pressure based on the
training set, for 191 different altitudes and 218 different dates.
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Figure 5.7: Level plot of the BSML-C fit of the ozone partial pressure based on the
training set, for 191 different altitudes and 218 different dates.
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BSML-S fit of the ozone partial pressure based on the training set
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Figure 5.8: Level plot of the BSML-S fit of the ozone partial pressure based on the
training set, for 191 different altitudes and 218 different dates.
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Figure 5.9: Level plot of the LAP fit of the ozone partial pressure based on the training
set, for 191 different altitudes and 218 different dates.
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Figure 5.10: SS-ANOVA, BSML-C, BSML-S, and LAP fits of the ozone pressure at
altitudes 12 km, 15 km, and 18 km. Here __ represents the SS-ANOVA fit, __
represents the LAP fit, __ represents the BSML-C fit. The BSML-S fit is omitted
because it is very close to the BSML-C fit. Circles represent the observations.
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Altitude = 21 km
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Figure 5.11: SS-ANOVA, BSML-C, BSML-S, and LAP fits of the ozone pressure at
altitudes 21 km, 24 km, and 27 km. Here __ represents the SS-ANOVA fit, __
represents the LAP fit, __ represents the BSML-C fit. The BSML-S fit is omitted
because it is very close to the BSML-C fit. Circles represent the observations.
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Based on the plots above, we can see that the BSML and LAP procedures have similar
fits, whereas the SS-ANOVA model tends to oversmooth the data. Among all the 462
basis functions used in the BSML and LAP procedures, 86 of them are selected by LAP. In
comparison, BSML-C and BSML-S have selected 67 and 72 bases respectively. The model
returned from the LAP procedure has the lowest residual sum of squares compared to
other three models. For fair comparison, we compute the predictive squared error (PSE)

for the test set using the following code:

# PSE from the SS-ANOVA model:
pred.gss <- predict(fit.gss, newdata=data.frame(x1=x1.test,z2=3*x2.test))
( PSE.gss <- mean((pred.gss - ozone.test) 2, na.rm=TRUE) )

# PSE from the BSML-C procedure:

pred.bsmlc <- predict(fit.bsmlc, bases.include=c(1,1,1,1,1),
new.baseslist=baseslist.test, confint=F)

( PSE.bsmlc <- mean((pred.bsmlc - as.vector(ozone.test))”"2, na.rm=TRUE) )

# PSE from the BSML-S procedure:

pred.bsmls <- predict(fit.bsmls, bases.include=c(1,1,1,1,1),
new.baseslist=baseslist.test, confint=F)

( PSE.bsmls <- mean((pred.bsmls - as.vector(ozone.test))"2, na.rm=TRUE) )

# PSE from the look-ahead procedure:

pred.lap <- predict.LAP(fit2.lap, bases.include=c(1,1,1,1,1),
new.baseslist=baseslist.test, confint=F)

( PSE.lap <- mean((pred.lap$fit - as.vector(ozone.test))” 2, na.rm=TRUE) )

We found that PSE.gss = 2.191, PSE.bsmlc = 1.863, PSE.bsmls = 1.900, and
PSE.lap = 1.826. Therefore, because the LAP procedure returns the lowest PSE, we
conclude that LAP has the best performance compared to other three methods.

For the look-ahead procedure, here we construct the 95% bootstrap confidence inter-
vals for the seasonal and nonseasonal effects at the same grid points of altitude and day
used earlier. The seasonal effect includes the main effect of day and the interaction effect

between altitude and day, which can be obtained by using the bases in L5 and L3 that
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have been selected by LAP. We can estimate the seasonal effect alone by specifying the
last two elements in the bases.include argument of the predict.LAP function to be 1
and others be 0, as shown in the code below. The nonseasonal effect includes the con-
stant and the main effect of the latitude, which can be obtained by using the bases in £
and £; that have been selected by LAP. We can estimate the nonseasonal effect alone by
specifying the first three elements in the bases.include argument of the predict.LAP
function to be 1 and others be 0, where the first two elements in the bases.include
corresponds to the null basis functions. For the same six altitudes studied earlier, the
seasonal effects are plotted in Figure and [5.13] The nonseasonal effect is shown in
[5.14] Here is the R code we used to generate these figures.

# Seasonal fit and its confidence interval:
lap.season.fit <- predict.LAP(fit2.lap, bases.include=c(0,0,0,1,1),
new.baseslist=baseslist.grid, confint=T)
season.lap <- matrix(lap.season.fit$fit, nrow=n.gridl, ncol=n.grid2)
season.lap.lower <- matrix(lap.season.fit$lower,

nrow=n.gridl, ncol=n.grid2)
season.lap.upper <- matrix(lap.season.fit$upper,

nrow=n.gridl, ncol=n.grid2)

# Nonseasonal fit and its confidence interval:
lap.nonseason.fit <- predict.LAP(fit2.lap, bases.include=c(1,1,1,0,0),
new.baseslist=baseslist.grid, confint=T)
nonseason.lap <- matrix(lap.nonseason.fit$fit, nrow=n.gridl,ncol=n.grid2)
nonseason.lap.lower <- matrix(lap.nonseason.fit$lower,

nrow=n.gridl, ncol=n.grid2)
nonseason.lap.upper <- matrix(lap.nonseason.fit$upper,

nrow=n.gridl, ncol=n.grid2)

# Figure 5.12:

par (mfrow=c(3,1))

for(i in c(11, 41, 71)){

plot(grid2, season.lapli,], col=2, 1lwd=2,
main=paste("Seasonal Effect \n Altitude = ", gridi[i], "km"),
ylim=range (min(season.lap.lower[i,], na.rm=T),
max (season.lap.upper[i,], na.rm=T)),

xlab="", ylab="", cex.main=1.5, type="1", xaxt="n"
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axis(1l,at=grid2[month.tick2], labels=month.labels?2)
lines(grid2, season.lap.lower[i,], col=1, lwd=2, 1lty=2)
lines(grid2, season.lap.upper[i,], col=1, 1lwd=2, 1lty=2)
mtext ("Month/Year", side=1, line=3)

mtext ("Ozone Partial Pressure (mPa)", side=2, line=2.5)

# Figure 5.13:
par (mfrow=c(3,1))
for(i in c(101,131,161))1
plot(grid2, season.lapli,], col=2, lwd=2,
main=paste("Seasonal Effect \n Altitude = ", gridi[i], "km"),
ylim=range(min(season.lap.lower[i,], na.rm=T),
max (season.lap.upper[i,], na.rm=T)),
xlab="", ylab="", cex.main=1.5, type="1", xaxt="n")
axis(1,at=grid2[month.tick2], labels=month.labels?2)
lines(grid2, season.lap.lower[i,], col=1, lwd=2, 1lty=2)
lines(grid2, season.lap.upper[i,], col=1, lwd=2, 1lty=2)
mtext ("Month/Year", side=1, line=3)
mtext ("Ozone Partial Pressure (mPa)", side=2, line=2.5)

# Figure 5.14:
par (mfrow=c(1,1))
plot(nonseason.lap[,1], gridl, col=2, 1lwd=2, main="Nonseasonal Effect",
xlim=range (min(nonseason.lap.lower[,1]-1, na.rm=T),
max (nonseason.lap.upper[,1]+1, na.rm=T)),
xlab="", ylab="", cex.main=1.5, type="1", xaxt="n", yaxt="n"
axis(1, at=2:12, labels=2:12)
axis(2, at=alt.train, labels=alt.train)
lines(nonseason.lap.lower[,1], gridl, col=1, 1lwd=2, lty=2)
lines(nonseason.lap.upper[,1], gridl, col=1, lwd=2, lty=2)
mtext ("Altitude (km)", side=2, line=3)
mtext ("Ozone Partial Pressure (mPa)", side=1, line=2.5)
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Figure 5.12: Seasonal effect at altitudes 12 km, 15 km, 18 km. The red solid line is
the fit. The black dashed lines are the lower and upper bounds of the 95% bootstrap

confidence interval.
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Figure 5.13: Seasonal effect at altitudes 21 km, 24 km, and 27 km. The red solid
line is the fit. The black dashed lines are the lower and upper bounds of the 95%
bootstrap confidence interval.
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Nonseasonal Effect
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Figure 5.14: Nonseasonal effect. The red solid line is the fit. The black dashed lines
are the lower and upper bounds of the 95% bootstrap confidence interval.

Based on Figures [5.12], [5.13] and [5.14], we can see that the seasonal effect is different

at different altitudes. From Figure [5.12| we can observe the clear drop of ozone pressure
during Spring time at low altitudes. However, this pattern no longer exists at high

altitudes, as shown in the middle and bottom panels of Figure [5.13] The nonseasonal
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effect does not depend on the dates, since it is fitted using only basis functions related
to the variable altitude. Figure [5.14] suggests that in general, we should expect the
ozone partial pressure to first increase and then decrease as the altitude increases. This
finding agrees with the general pattern of ozone distribution in the stratosphere reported
in literature. For example, Watson et al.| (1986) mentioned that “the ozone layer has
a continuous distribution with a peak concentration in the lower stratosphere between

about 20 and 25 kilometers altitude”.
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