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ABSTRACT. This paper is based on the author’s thesis, “Asymptotic theory of
penalized spline regression”. The focus of the present paper is on the penalized
spline estimators obtained by the backfitting algorithm in additive models. The
convergence of the algorithm as well as the uniqueness of its solution are shown.
Asymptotic equivalence between the penalized spline estimators by the backfit-
ting algorithm and the convenient estimators proposed by Marx and Eilers [9] is
addressed. Asymptotic normality of the estimators is also developed.

1. INTRODUCTION

The additive model is a typical regression model with multidimensional covari-
ates and is usually expressed as

Yi = fi(zia) + -+ + fo(zip) + &,

for given data {(y;, z;1, -+ ,2p) : ¢ =1,--- ,n}, where each fy(d=1,---,D) is a
univariate function with a certain degree of smoothness.

The additive model has become a popular smoothing technique and its funda-
mental properties have been summarized in literature such as Buja et al. [2] and
Hastie and Tibshirani [7]. Buja et al. [2] proposed the so-called backfitting algo-
rithm, which is efficient for nonparametric estimation of fy(d = 1,---,D). The
backfitting algorithm is a repetition update algorithm and its convergence and the
uniqueness of its solution are not always assured. Buja et al. [2] showed the suffi-
cient condition for convergence of the backfitting algorithm and the uniqueness of
its solution for some smoothing methods.

In this paper, we discuss the asymptotic properties of the penalized spline es-
timator for the additive model. Penalized spline estimators have been discussed
in O’Sullivan [10], Eilers and Marx [5], Marx and Eilers [9], Aerts et al. [1] and
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Ruppert et al. [11]. Despite its richness of application, the asymptotics for spline
smoothing seem to have not yet been sufficiently developed.

For the univariate model (D = 1), Hall and Opsomer [6] gave the mean squared
error and proved consistency of the penalized spline estimator. The asymptotic
bias and variance of the penalized spline estimator were obtained in Claeskens et
al. [3]. Kauermann et al. [8] worked with the generalized linear model. Wang et al.
[14] showed that the penalized spline estimator is asymptotically equivalent to a
Nadaraya-Watson estimator. Thus, it seems that developments of the asymptotic
theories of the penalized splines are relatively recent events and we note that those
works are mainly regarding the univariate model.

The penalized spline estimators for the additive models are obtained by using
the penalized least squares method. However there is one problem in that the loss
function L is not strictly convex. Therefore it is difficult to find the minimizer
of L since its Hessian is not invertible. Though the backfitting algorithm yields
a solution that makes the gradient of L equal to zero, there is no guarantee that
the solution obtained by this method minimizes L. It has been known that the
backfitting algorithm does converge, but the uniqueness of the obtained solution
cannot be proved in general.

On the other hand, Marx and Eilers [9] proposed a new loss function to avoid this
singularity problem. They proposed to use L. which consists of L plus an additional
small ridge penalty. This L, is strictly convex, hence the global minimum of L,
is equivalent to a unique local minimum which can be easily obtained. Of course
there is a gap between the minimizer of L, and that of L. In this paper, the
estimator obtained by minimizing L., is called the ridge corrected penalized spline
estimator (RCPS) and the penalized spline estimator obtained by the backfitting
algorithm is denoted as the backfitting penalized spline estimator (BPS). Because
we are interested in the estimator obtained by using L, we mainly focus on BPS.

The aim of this paper is to derive the asymptotic distribution of the BPS in
the general D-variate additive model. First we show the asymptotic distribution
of the RCPS. Next, it is shown that the difference of the RCPS and the BPS
asymptotically vanishes. As a result, it demonstrates that the asymptotic normality
of the BPS and that the solution of the backfitting algorithm is asymptotically
unique. As will be seen in the subsequent section, although the closed form of the
BPS can not be written, its asymptotic properties can be shown in each iteration
of the algorithm. The properties of the band matrices play an important role as a
mathematical tool in asymptotic considerations.

This paper is organized as follows. In Section 2, our model settings and estimat-
ing equation in the penalized least squares method are discussed, and the RCPS
and the BPS are constructed. Section 3 provides the asymptotic bias and variance
of the RCPS, and then its asymptotic normality is developed. Furthermore, we
show that the BPS is asymptotically equivalent to the RCPS and the solution of
the backfitting algorithm is asymptotically unique. In Section 4, we give some
comments. Proofs of all mathematical results are omitted.
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2. MODEL SETTING AND PENALIZED SPLINE ESTIMATOR

2.1. Additive spline model. Consider a D-variate additive regression model

(1) vi = fi(za) + -+ fo(zip) + &

for the data {(y;,®;) : i = 1,--- ,n}, where ; = (x;1, -+ ,2;p) is the D-variate
explanatory variables, f;(-) is an unknown regression function and ¢;’s are indepen-
dent random errors with Elg;|X; = x;] = 0 and V]g;| X; = x;] = 0?(x;) < co. We
assume E[f;(X;)] =0(j =1,---, D) to ensure identifiability of f;. Let ¢;(z;) be the
density of X; and ¢(x) = q(z1,--- ,zp) be the joint density of X = (X, -+, Xp).
We assume without loss of generality that @; € (0,1)” for alli € {1,--- ,n}, where
(0,1)P is the D-variate unit cube.
Now we consider the B-spline model

Kn
si(z;) = > BP(a,)bin
k=—p+1

as an approximation to f;(x;) at any z; € (0,1) for j =1,---, D. Here, B,[f] (x)(k =
—p+1,--- K,) are the pth degree B-spline basis functions defined recursively as

<
BLO]($) _ { (1), Rr—1 < T < Ky,

otherwise,
B[P] ) — L — K1 B[P—l} z) + Kk+p — X B[P—l] z),
fa) = g e+ S g )
where k; = k/K,(k = —p+1,--- K, + p) are knots and b;,(j = 1,--- ,D. k =
—p+1,---, K,) are unknown parameters. We denote B,[f] () as Bg(x) in what

follows since only the pth degree is treated. The details and many properties of
the B-spline function are clarified in de Boor [4]. We aim to obtain an estimator
of f; via the B-spline additive regression model

(2) yi = s1(xa) + -+ sp(xip) + &
instead of model (1). Model (2) can be expressed as
y:Z1b1+"'+ZDbD+€:Zb+€

by using the notations y = (y1 -+ yn), bg = (bg—pt1-+* bax,), b= (by --- bp),
Zg = (B_ptj(%ia))ij, Z =121 -+ Zp] and € = (e1 --- €,)". The estimator b of b
is defined as the minimizer of

D
L(b) = (y—2Zb)(y—Zb)+ Y  AjnbQmb;
j=1
where \;,(j = 1,---,D) are the smoothing parameters, @), is the mth order

difference matrix and Q(\,) = diag[A1,Qm -+ Apn@m]. This estimation method
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is called the penalized least squares method and it has been frequently utilized in
spline regression. For a fixed point x; € (0, 1), the estimator f;(z;) of f;(x;) is
Ky
file)) = Y Bulz;)bjx
k=—p+1

and is called the penalized spline estimator of f;(z;). The predictor of y at a fixed
point & € (0,1)? is defined as

(4) §=file)+-+ fo(en).
Since E[f;(X;)] = 0 is assumed for f;, the estimator of each component f; is
usually centered. Hence, f;(z;) is rewritten as

. . 1 e -
fielzs) = filz;) = — > Filasy),
=1

as discussed in Wang and Yang [13]. In this paper, however, we do not examine fjﬂ

because our interests are in asymptotics for f; and ¢, and asymptotic distributions

of fj(x;) and f;.(x;) become equivalent.

2.2. The Ridge Corrected Penalized Spline Estimator. In general, b =
~l ~l

(b, -+ bp) is a solution of

(5) ag_g)b) 0.

However, this method has one defect: the L(b) is not strictly convex as a function of
b in general. Hence, the solution of (5) does not necessarily become the minimizer
of (3). Actually, because each column sum of Z; equal to 1, Z'Z + Q,,,()\,,), the
Hessian matrix of L(b), has eigenvalue 0. Marx and Eilers [9] also noted this point
as a typical problem of the additive spline regression. They studied a new method
such that the loss function has strict convexity for obtaining the estimator of b.
Let L. (b) = L(b)+~b'b, where v > 0 is very small constant. Since L. (b) is strictly

convex, the solution IA)V = (IA)/M e lA)l[),’y)/ of

OL,(b) _
ob

can be obtained uniquely as
b, = (Z'Z+ Q) +~I)"'2'y.
The RCPS of f;(z;) can be written as
fm(%‘) = B(xj)li’m?

where B(z;) = (B_ps1(z;) --- B, (z;)). If v = 0, b, cannot be calculated
because Z'Z + Q(\,,) is not invertible.
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2.3. The Backfitting Penalized Spline Estimator. The merit and usage of
the backfitting algorithm are clarified in Hastie and Tibshirani [7]. The /(-stage

backfitting estimator bg-g) of b; is defined as
by = A Zi(y — Zib) — - = 2,0 — Zpb) — - = Zpby ),

J j+1
, C . . . i
where b;o) s are initial values. The (-stage backfitting estimator f; )(xj) of fi(z;)
at z; € (0,1) is defined as
Ky
¢ ¢ 0H .
£@) = Y Bulabil = Blay)b, j=1,---.D.
k=—p+1
For D = 2, the explicit form of bg@ can be obtained (see Yoshida and Naito
[15]). However, for general D, the exact form of bﬁ-z) is too complicated to be
written down. A mathematical property of the backfitting algorithm is that b(>) =
(7Y, (B57)Y = lime oo (B, -+, (BY))') satisfies
OL(b) _0o
ob 1b=b"
It is shown by Theorem 9 of Buja et al. [2] that bgg) converges to bg»oo), but those
bg-oo) (j = 1,...,D) are depending on initial values b§0) (j = 1,...,D). This means
that the convergence property of the backfitting estimator is guaranteed, but the
uniqueness of the solutions is not trivial. We will study the asymptotic behavior of

filz) = fj(oo) (z;) = B(Ij)/b§-oo), as well as the relationship between b;, and b§m).

3. ASYMPTOTIC THEORY

We prepare some symbols and notations to be used hereafter. Define the (K, +
p) X (K, + p) square matrix G = (Gy;)i; with its (7, j)-component

1
Guis = [ Brpsi@) By ()an(a)d
0

for k=1,---,D and the (K,, +p) x (K,, + p) square matrix X; = (3j;;);; having
the (i, j)-component

S = /[ @B 1) B e )@
0,1

fork=1,---.,D. Let b;f be a best L, approximation to the true function f;. This
means that b} satisfies
sup ’fj(x) +b;0(z) — B(a:)/b;‘ = O(K;(pﬂ)),

)

z€(0,1
where
;@) &

J Z]Ofk—l <z< ’fk>Bp+1 <m> 7

K (p+ 1)1 &= Kt

n

bja(z) =
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I(a < x < b) is the indicator function of an interval (a,b) and B,(z) is the pth
Bernoulli polynomial, see Zhou et al. [17]. For a random sequence U,,, E[U,|X ]
and V[U,|X,] designate the conditional expectation and the conditional variance
of U, given (X4, ---,X,) = (x1, -+, x,), respectively.

In spline smoothing, the smoothing parameter \;, is usually selected as A;, — oo
with n — oo because a spline curve often yields overfitting for large n. In the
following, we assume that \;, = o(nK,').

In this section, first we discuss the asymptotic distribution of the RCPS. Next we
show that the difference of the BPS and RCPS asymptotically vanishes, by which
we finally obtain the asymptotic distribution of the BPS.

3.1. Asymptotic distribution of the RCPS. We will show the asymptotic
property of fm(xj)(j = 1,---,D). By using the result of the partitioned ma-
trix of Z'Z + Q.n(A\n) + vI and its asymptotic property, the form of f”(x]) and
its asymptotic expression can be clarified. As a result, we obtain the following
Theorem.

Theorem 3.1. Let f; € CP*Y(j = 1,---, D). Suppose that K, = o(n*/?) and
Ajin =0(n/K,)(j=1,---,D). Then, for j,k=1,---,D,

Elfin ()| X 0] = fi(zj) = bia(wy) +bjn(a;) + 0p(K; ) + 0op(NjuKan™"),
1

V[fin(z)| X0] = EB(%)’G;I&G?B(%)G+0p(1))IOP(Knn”),
Cov(fin()); frn(ar)) = Op(n™h), j#k
where
bya(r) =~ B2, G} Qub; = Onun™)
and

P)/ ! — * —

In Theorem 3.1, the influence of v appears only in b;.(x;), which is in fact of
negligible order. Furthermore, compared to Theorem 2 of Claeskens et al. [3],
fm(xj) is asymptotically equivalent to the penalized spline estimator based on
the dataset {(y;,2;;) : ¢ = 1,--- ,n} in the univariate regression model. By using
Theorem 3.1 and Lyapunov’s condition of the central limit theorem, we obtain the
asymptotic joint distribution of [fy,(z1) -+ fp(xp)]'.

Theorem 3.2. Suppose that there exists § > 2 such that E[|g;|**|X; = x;] < o0
and f; € CP*L. Purthermore, K, and \j, satisfy K, = o(n'/?), n'/® = o(K,,) and
Ajn = o((nK;Y)Y2). Then, for any fired point = € (0,1)P, as n — oo,

fio(z) = filz)

K, | .

: %5 Np (0,0),
foA(p) = fp(2D)
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where ¥ = diag[yn (1) -+ ¥p(xp)] and

.1 _ B .
Vi) = lim 5= Ba) G196 Blag), j =10+, D.

3;2' Asymptotic distribution of the BPS. It is easily confirmed that the BPS
fi(z;) can be expressed as

-1
fila;) = () + lim ;{f;’““’w — (@)}

We show that for all k& € N, f;kﬂ)(z‘j) — f](k)(:r;j) asymptotically vanishes, from
which we find that f;(z;) is asymptotically dominated by f;l)(a:j) forj=1,---,D.
These properties are summarized in the following two Propositions.

Proposition 3.3. Let f; € CP™1. Suppose that K,, = o(n'/?) and \j, = o(K,n™!).
Then, as n — 00,

£ (@) = (P (@) = Op(K%) + Op (K, D(Kun)™2), k=12,

Proposition 3.4. Under the same assumption as Proposition 3.3, as n — o0,

n

filay) = £V (x)) + Op(K; 1) + op ( 5) .

By its simple form of f;l)(xj), it is easy to show that f;l)(xj) is asymptotically
equivalent to fﬂ(m]) Thus, Propositions 3.3 and 3.4 yield that the asymptotic

equivalence between fj(a:j) and fm(xj). Consequently, Theorem 3.2 implies the
asymptotic distribution of BPS summarized as follows:

Theorem 3.5. Under the same assumption as Theorem 3.2, for any fized point
x < (0,1)P, as n — oo,

\/;n fo(zp) — fp(zp)

where VU is that given in Theorem 3.2.

filar) = filz)
: 25 Np (0,7),

From Theorem 3.5, for i # j, fi(z;) and fj(xj) are asymptotically independent.
Asymptotic normality and the independence of f;(x;) and f;(z;) in kernel smooth-
ing also hold, as shown in Wand [12]. Thus, the penalized spline estimator and
the kernel estimator for the additive model have the same asymptotic property.
Asymptotic normality of § in (4) can be shown as a direct consequence of Theorem
3.5. Though the BPS depends on the initial value, the effect of the initial value on
the distribution of the BPS vanishes as n — oo, which means that the uniqueness
of the BPS is asymptotically satisfied. Furthermore, Theorem 3.6 indicates that
b = b minimizes L(b).
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Theorem 3.6. Let H(L) be the Hessian matriz of L(b). Then, H(L) is asymp-
totically positive definite.

We now give the optimal order of K, and Aj, in the context of minimization

of MSE of f](x]) Note that K, controls the trade-off between the bias and the
variance of the estimator, both of which have been obtained by Proposition 3.4 and
Theorem 3.1.

Corollary 3.7. Under the same assumption as Proposition 3.3, it follows that

MSE(fj(z;)) = E{f(x;) = fi(2) 1. ( KA”" 1 }2>+0P (KT)

Furthermore taking K, = O(n'/?) and \;, = O(n*),v < 1/3 leads to the rate of
convergence, MSE(f;(z;)) = Op(n *2/3)'

Asymptotic normality in Theorem 3.2 also holds even if the optimal orders K,, =
O(n'/3) and \;, = O(n”),v < 1/3 in Corollary 3.7 are utilized, however the mean
of the asymptotic distribution is not zero in such cases, that is, the bias terms given
in Theorem 3.1 do not vanish. We see that the centered asymptotic distribution can
be obtained by the assumptions for the orders of K, and \;,, as given in Theorem
3.2.

4. DISCUSSION

In this paper, the asymptotic behavior of the penalized spline estimators in
the additive models was investigated. The BPS and the RCPS have been shown
to be asymptotically equivalent. For practical purposes, we compare the RCPS
with the BPS from the view point of computation. We have to calculate the
inverse of Mp = Z'7Z 4+ Qn(\,) + 71 in order to obtain the RCPS. Since the size
of Mp is {D(K, +p)} x {D(K, + p)}, the computation of M is O({D(K, +
p)}3). On the other hand, the (-stage backfitting algorithm requires O(¢D{ K, +p})
computations. Therefore when D is large, the BPS can be computed more quickly
than the RCPS. Even for D = 2, the RCPS requires O(8(K,, + p)?) computations
which is larger than the BPS. The same conclusion holds for a large sample size n,
which is also detailed in Hastie and Tibshirani [7] as the advantage of the backfitting
algorithm. So it might be better to utilize the BPS in additive penalized spline
smoothing.

On the other hand, it is known that the BPS can be constructed by using a
blend of backfitting and scoring algorithms also in the generalized additive models
(GAM). However, since the backfitting algorithm is required to be implemented
within each iteration of the scoring algorithm, the computation of the BPS finally
becomes a heavy task. Therefore in GAM, the RCPS, the direct method without
the backfitting cycle, might be better and its asymptotic theory should be investi-
gated. Actually, Yoshida and Naito [16] showed that the RCPS has the asymptotic
normality in GAM. Such theoretical research is a generalization of the works by
this paper and Kauermann et al. [8].
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