STAT 535: Statistical Machine Learning Autumn 2025

Lecture 7: Nonparametric Regression
Instructor: Yen-Chi Chen

Reference: Section 6 of All of Nonparametric Statistics by Larry Wasserman.

7.1 Introduction

Let (X1,Y1), -+, (X,,Y,) be a bivariate random sample. In the regression analysis, we are often interested
in the regression function

m(z) =E(Y|X = z).

Sometimes, we will write
Y =m(Xi) + e,

where ¢; is a mean 0 noise. The simple linear regression model is to assume that m(xz) = Sy + S1z, where [
and (31 are the intercept and slope parameter. In the first part of the lecture, we will talk about methods that
direct estimate the regression function m(xz) without imposing any parametric form of m(x). This approach
is called the nonparametric regression.

7.2 Regressogram (Binning)

We start with a very simple but extremely popular method. This method is called regressogram but people
often call it binning approach. You can view it as

regressogram = regression + histogram.

For simplicity, we assume that the covariates X;’s are from a distribution over [0, 1].

Similar to the histogram, we first choose M, the number of bins. Then we partition the interval [0, 1] into
M equal-width bins:

1 1 2 M—2 M—1 M—1
! {O’M)’Q [M’M)’ OM=L {M ’ M)’M [M }

When x € By, we estimate m(z) by

_ i YiI(Xi € By)

may(z) = = average of the responses whose covariates is in the same bin as .
wn) =S Tx € B) ¢ P

Theorem 7.1 Assume that the PDF of X p(x) > po > 0 for all x € [0,1] and E(Y?|X = z) < oo. Then

bias(i (z)) = O (&) . Var(fm (@) = O <M) .

n

7-1



7-2 Lecture 7: Nonparametric Regression

Proof: Suppose that = belongs to bin By. Let up(z) = E(Y;I(X; € By)) and gu(x) = E(I(X; € Be)) and
let p(x) = m(zx) - p(x).

_ Bu(x)
qum ()

Using m s (z) , where

n

fin (z) = %ZY,»I(XZ» €By), qu(x)=Y» I(X;€By),

i=1 i=1

the difference can be decomposed into

N fim (z) MM(x)JrMM(JJ) p(z)
am () am(x)  qu(z)  plx)

~Variance bias

Bias. Since we have M bins, the width of each bin is 1/M. Thus, it is easy to see that M - gpr(x) can be
viewed as a density histogram estimator of p(z). Therefore, by the theory of histogram, the bias will be
p(z) — M - qp(z) = O(1/M). Similarly, one can show that M - ups(x) can be viewed as an estimator of p(x)
and p(r) — M - pp(z) = O(1/M). Using the fact that 1%_6 =1— €+ O(e?) when € — 0, we conclude that
the bias part

puv(z)  p(x) - Mpu(z)  plz)

QAI(x) P(fc) B MQM(f) P(x)
)+ O/M) ()
p(z) + O(1/M) ~ pla)
Co(/M) | p(a)
=0 @l
— 0(1/M).

Variance. For the variance part, it is easy to see that E(fias(z)) = par(2) and E(qar(x)) = qpar(x). Also, it
is easy to see that the variance (using the same derivation as histogram),

Var(fips(x)) = O (Z\in) , Var(@u(z)) =0 <J\/}n> .
Thus,
Var(Mpiy (x)) = O <An4> , Var(Mguy(z)) =0 (f) .
Let A, (z) = Mpm(xz) — Mpp(z) = Op(y/M/n) and Ay(z) = Mgu(xz) — Mgm(z) = Op(/M/n). Then
() pa(@)  Mpy(z)  Mpw(x)
au(@)  qu(x)  Mau(z) Mg ()
_ Mpy(z) +Au(x)  Mpu(z)
Man(z) + Aq(x)  Mgn(x)
My () + Au(x) _ Mpa () x) — My (x) smaller order terms
= Man () M2qﬁ/[(:ﬂ)AQ( Man (@) + 11 der t
N 1 2 Mpp(x)
Wani ) ) 2 Gy )
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Note that the last ~ sign is due to the bias analysis. Thus, the variance of ‘;f]\“j ((i)) equals the variance of

ﬁAu@) _ F;(Z))A (x), which is of rate O(M/n).

Therefore, the MSE and MISE will be at rate

1 M 1 M
sg -0 (L) +o(2). wss-o (L) o (™),

leading to the optimal number of bins M* =< n'/3 and the optimal convergence rate O(n*2/3), the same as
the histogram.

Similar to the histogram, the regressogram has a slower convergence rate compared to many other com-
petitors (we will introduce several other candidates). However, they (histogram and regressogram) are still
very popular because the construction of an estimator is very simple and intuitive; practitioners with little
mathematical training can easily master these approaches.

Note that if we assume that the response variable Y is bounded, you can construct a similar concentration
bound as the case of histogram and obtain the rate under the L., metric.

7.3 Kernel Regression

Given a point xp, assume that we are interested in the value m(zg). Here is a simple method to estimate
that value. When m(xz¢) is smooth, an observation X; ~ x¢ implies m(X;) &~ m(xg). Thus, the response
value YV; = m(X;) + ¢; = m(xp) + ¢;. Using this observation, to reduce the noise ¢;, we can use the sample
average. Thus, an estimator of m(zg) is to take the average of those responses whose covariate are close to
xXg.

To make it more concrete, let i > 0 be a threshold. The above procedure suggests to use
Ei;\xﬁwo\gth o Yoy Yl (| X — w0 < h)
nn (o) S 11X — @l < h)

where np,(z0) is the number of observations where the covariate X : |X; — 2| < h. This estimator, My,
is called the local average estimator. Indeed, to estimate m(x) at any given point x, we are using a local
average as an estimator.

ﬁlloc(xo) = (7'1)

The local average estimator can be rewritten as

n

Z }/ZI(|X 1‘0| <h |X —ZL'()| <h
oc Y iy 2
hoc(0) = Zi:l I(|X; — xo| < h) Z Ze 1 I(|X¢ — wo| < h) ZW ()Y, (7:2)

where
I(|Xi —zo| < h)

>y 1| X — ol < 1)
is a weight for each observation. Note that Y ., Wi(xo) = 1 and W;(x¢) > 0 for all i = 1, ,n; this implies
that W;(zo)’s are indeed weights. Equation (7.2) shows that the local average estimator can be written as

a weighted average estimator so the i-th weight W;(z¢) determines the contribution of response Y; to the
estimator Mjoc (o).

Wi(zo) =

(7.3)

In constructing the local average estimator, we are placing a hard-thresholding on the neighboring points—
those within a distance h are given equal weight but those outside the threshold h will be ignored completely.
This hard-thresholding leads to an estimator that is not continuous.
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To avoid problem, we consider another construction of the weights. Ideally, we want to give more weights
to those observations that are close to xgp and we want to have a weight that is ‘smooth’. The Gaussian
function G(x) = \/%e 2*/2 seems to be a good candidate. We now use the Gaussian function to construct
an estimator. We first construct the weight

G (5)
Zé 1 (UUO I,XZ)

The quantity A > 0 is the similar quantity to the threshold in the local average but now it acts as the
smoothing bandwidth of the Gaussian. After constructing the weight, our new estimator is

W (20) =

ZZWiG(Z'O)Yi ZZEG1< (h >X2>Y' %ZlfG(( Xe))' (7.4)

This new estimator has a weight that changes more smoothly than the local average and is smooth as we
desire.

Observing from equation (7.1) and (7.4), one may notice that these local estimators are all of a similar form:

rfﬁh(mO) Zz IYK(tO K(Lh)g)
Zle (Lth) Zl 1 (:W;XZ)7

where K is some function. When K is a Gaussian, we obtain estimator (7.4); when K is a uniform over
[-1,1], we obtain the local average (7.1). The estimator in equation (7.5) is called the kernel regression
estimator or Nadaraya-Watson estimator!. The function K plays a similar role as the kernel function in
the KDE and thus it is also called the kernel function. And the quantity h > 0 is similar to the smoothing
bandwidth in the KDE so it is also called the smoothing bandwidth.

) ZWK 20)Yi, W (x) = (7.5)

7.3.1 Plug-in estimator perspective

The kernel regression can be viewed as a plug-in estimator from a multivariate KDE. Since the regression
function

miz) = B(YIX =) = [ up(ylo)dy
a plug-in estimator of m(z) is via

m(r) = / yp(y|x)dy,

where p(y|x) is an estimator of the conditional PDF. The plug-in approach essentially implies that we can
convert a multivariate density estimator into a regression estimator. Moreover, if our plug-in estimator is a
KDE with product kernel, the regression estimator is the kernel regression.

In more details, using the given bivariate random sample (X1,Y7), -, (X,,Y,), we can estimate the joint

PDF p(z,y) as
N 1 < Xi—=x Yi—y
= —-— K K .

This joint density estimator also leads to a marginal density estimator of X:

ula) = [ Bl )y = hZK( o).

Thttps://en.wikipedia.org/wiki/Kernel_regression
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Theorem 7.2 The conditional expectation of Y given X = x implied by the 2D KDFE is the same as the
kernel regression estimator.

Proof: Recalled that the regression function is the conditional expectation
p(z,y) Jyp(z,y)dy
mx:EYX:x:/ypy:cdy:/y dy = .
(2) = BYIX =2) = [ yolyla) o s

(
Replacing p(z,y) and p(x) by their corresponding estimators p,(x,y) and p,(x), we obtain an estimate of
m(x) as

i () = L YPn (T 1)y
Pn()
fynhz i 1K Xl_x (
hzl IK(
=) Sy K(Y, )4
Zz L K (557)
XL E ()Y
YL K ()
Z Vil (F7)
K( )

th( )~

T K (S

Note that when K (z) is symmetric, [y K (%) dTy =Y. [

Namely, we may understand the kernel regression as an estimator inverting the KDE of the joint PDF into
a regression estimator.

7.3.2 Local least square perspective

The kernel regression can be viewed as a local least square estimator. To see this, recall that the mean of a
random variable Y can be written as

E(Y) = argmin, E((Y —¢)?).
Thus, the conditional mean satisfies
E(Y|X = z) = argmin, E(I(X =z)(Y —¢)?).

When X is discrete, we can replace the expectation with sample average, leading to

~ 1 <&
EY|X =2) = i 2N T I(X; = 2)(Y; — o).
(Y] r) = argmin, nz ( z)( c)

However, if X is continuous, the indicator function I(X; = x) is almost always 0. To resolve this problem,
we can consider relaxing I(X; = z) = I(|| X; — z||2 = 0) into

I(X:x):I(HX—xHQ:O)z[(|X—x||2gh):[(”X_hx”Qgl) zK(X;z>.
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The above kernelization method relax the indicator function into a kernel function centered at x.

Note that when z is multivariate, the kernel function will be a multivariate kernel. With the above relaxation,
we can easily see that

E(Y|X = ) = argmin, E([(X =2)(Y —¢)?) ~ argmin, E (K <Xh x) (Y — 0)2) : (7.6)

The relaxed objective function Rp,(c) = E (K (%) (Y — ¢)?) can be estimated easily via

and the minimizer

is the kernel regression estimator.

Note that kernelization is not the only approach to relax the indicator function I(X = z). We can use other
localization method such as k-nearest neighbor (kNN). In this case, we relax

I(X =z) = I(X € Ni(x)),
where Ni(z) is the k-nearest neighborhood at . Namely,

Ni(z) = B(z, R(x)), Ry (x) = min {r >0: iI(HXZ —zl2<r) > k} ,

i=1

where Ry (z) is the distance from x to the k-th nearest observation. If we use the kNN relaxation I(X =
x) =~ I(X € Ni(z)), the resulting estimator is the kNN regression.

7.3.3 Theory

Now we study some statistical properties of the estimator my. Suppose that we are interested in m(x) over
a compact interval K C R.

Theorem 7.3 Assume that

e inf,cx p(x) > 0 and p(x) has bounded second derivatives.

e E(Y?|X =2) < oo and m(x) has bounded third derivatives.

Then
bias(my, (7)) = %MK (m”(m) + QW) + o(h?)
Var(mp(z)) = ap(';)K . % +o (nlh) )

where px = [ x?K(x)dz is the same constant of the kernel function as in the KDE and o* = Var(e;) is the
error of the regression model and o3 = [ K*(z)dz is a constant of the kernel function (the same as in the

KDE).
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The bias has two components: a curvature component m”(z) and a design component %. The
curvature component is similar to the one in the KDE; when the regression function curved a lot, kernel
smoothing will smooth out the structure, introducing some bias. The second component, also known as the
design bias, is a new component compare to the bias in the KDE. This component depends on the density
of covariate p(z). Note that in some studies, we can choose the values of covariates so the density p(x) is
also called the design (this is why it is known as the design bias).

The expression of variance tells us possible sources of variability. First, the variance increases when o?

increases. This makes perfect sense because o is the noise level. When the noise level is large, we expect
the estimation error increases. Second, the density of covariate p(x) is inversely related to the variance. This
is also very reasonable because when p(z) is large, there tends to be more data points around z, increasing
the size of sample that we are averaging from. Last, the convergence rate is O (ﬁ), which is the same as
the KDE.

MSE and MISE. Using the expression of bias and variance, the MSE at point x is

4 m'(z)p' () \? o2 o2
MSB(n(e)) = e () + 2 D)y Tt Ly oty 4o ()

and the MISE is

MISE (i) = T,@{/ (m”(x) +2W>2dm+ ":ff /ﬁdm—&-o(h‘l) +o (nlh) @

Optimizing the major components in equation (7.7) (the AMISE), we obtain the optimal value of the smooth-
ing bandwidth
hopt —C*. n71/57

where C* is a constant depending on p and K.

7.3.4 Cross-Validation

The smoothing bandwidth A has to be chosen to construct our estimator. The theory suggests that we
choose it to be hope = C* -n~1/% but this involves an unknown quantity C*. So in practice, how can we
choose it? A good news is that—unlike the density estimation problem, there is a simple approach to choose
h: the cross-validation (CV)Z.

Before we discuss the details of CV, we first introduce the predictive risk. Let my be the kernel regression
using the n observations. Let X,,11,Y,,+1 be a new observation (from the same population). We define the
predictive risk of our regression estimator as

R(h) =E (Yni1 — i (Xng1))? . (7.8)

Namely, the quantity R(h) is the expected square error of predicting the next observation using the kernel
regression.

CV is a collection of approaches that tries to estimate the predictive risk R(h) using a data-splitting approach.
A classical version of CV is the leave-one out cross-validation (LOO-CV):

R(h) = Z(Yi — n,—i(Xi))?,

2https://en.wikipedia.org/wiki/Cross-validation_(statistics)
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where my, —;(X;) is the kernel regression using all observations except i-th observation X;,Y;. Namely, LOO-
CV leaves each observation out once at a time and use the remaining observations to train the estimator and
evaluate the quality of the estimator using the left out observation. The main reasoning of such a procedure
is to make sure we do not use the data twice.

Another popular version of CV is the K-fold CV. We randomly split the data into K equal size groups. Each
time we leave out one group and use the other K-1 groups to construct our estimator. Then we use the left
out group to evaluate the risk. Repeat this procedure many times and take the average as the risk estimator
R(h).

K-FoLD CROSS-VALIDATION.

1. Randomly split D = {(X1,Y1), -+, (Xn, Y,)} into K groups: Dy, ,Dk.

Q)
h

2. For f-th group, construct the estimator m; ’ using all the data except ¢-th group.

3. Evaluate the error by
~ 1
ROy =— > (vi—m (X))

L%
(X:,Y:)€D,
4. Compute the average error
K
~ 1 ~
[ ©
R(h) = ;_1:13 (h).

5. Repeat the above 4 steps N times, leading to N average errors

R D(R), - R*M)(p).

6. Estimate R(h) via

N
Dx 1 Dk
R*(h) = NZR @ (n).
/=1

The CV provides a simple approach of estimating the predictive errors. To choose the smoothing bandwidth,
we pick
h* = argmin;,- o R(h).

In practice, we apply the CV to various values of h and choose the one with the minimal predictive risk.
Generally, we will plot R(h) versus h and determine if the minimal value makes sense. Sometimes there
might be no well-defined minimum value (like a flat region).

Why do we want to split the data into two parts and construct the estimator on one part and evaluate the
risk on the other part? The main reason is to obtain a reliable estimate of the predictive risk. If we use the
same set of data to construct our estimator and evaluate the errors, the estimated predictive risk will be
smaller than the actual predictive risk. To see this, consider the local average estimator with A ~ 0. When
h is very very small, Mmioc(X;) = Y; because the neighborhood only contain this single observation. In this
case, the estimated predictive risk will be >, (V; — Y;)? = 0. This is related to the so-called overfitting®.

The cross-validation is a very popular and common approach to choose a tuning parameter. Other tuning

Shttps://en.wikipedia.org/wiki/Overfitting
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parameters such as the number of basis N and the penalization A (will be introduced in a minute) can all
be chosen by minimizing the cross-validation error.

7.3.5 Uncertainty and Confidence Intervals

How do we assess the quality of our estimator my, (z)?

We can use the bootstrap to do it. In this case, empirical bootstrap, residual bootstrap, and wild bootstrap all
can be applied. But note that each of them relies on slightly different assumptions. Let (X7,Y7), -+, (X}, Y.")
be the bootstrap sample. Applying the bootstrap sample to equation (7.5), we obtain a bootstrap kernel
regression, denoted as m;. Now repeat the bootstrap procedure B times, this yields

~*(1) ~ x(B)
mh 5 DR 77”’7/}_'1 5

B bootstrap kernel regression estimator. Then we can estimate the variance of my,(x) by the sample variance

= - 1 & _x(£) = = 1< (£
Varg(iin () = z—= > (@) = i p (@), i (@) = 5 D g ().

Similarly, we can estimate the MSE as what we did in Lecture 5 and 6. However, when using the bootstrap
to estimate the uncertainty, one has to be very careful because when h is either too small or too large, the
bootstrap estimate may fail to converge its target.

When we choose h = O(n’l/f’), the bootstrap estimate of the variance is consistent but the bootstrap
estimate of the MSE might not be consistent. The main reason is: it is easier for the bootstrap to estimate
the variance than the bias. Thus, when we choose h in such a way, both bias and the variance contribute a
lot to the MSE so we cannot ignore the bias. However, in this case, the bootstrap cannot estimate the bias
consistently so the estimate of the MSE is not consistent.

Confidence interval. To construct a confidence interval of m(x), we will use the following property of the
kernel regression.

Theorem 7.4 Assume the conditions in Theorem 7.3. Then

WmmmmEmM@»gN(m*“%)

mp(z) — E(mp(z)

D
V@) N(0,1).

The variance depends on three quantities: 02, 0%, and p(z). The quantity o% is known because it is just a
characteristic of the kernel function. The density of covariates p(z) can be estimated using a KDE. So what
remains unknown is the noise level 2. A good news is: we can estimate it using the residuals. Recall that
residuals are

e; =Y = Y; =Y, — mp(X;).

When 7, & m, the residual becomes an approximation to the noise ¢;. The quantity o? = Var(e;) so we
can use the sample variance of the residuals to estimate it (note that the average of residuals is 0):

1 n
~2 2
- Y e 7.9
7 anVJrl/i:leZ (7.9)
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where v,V are quantities acting as degree-of-freedom in which we will explain later. Thus, a 1 — a CI can be
constructed using

~

~ -
mp(x) £ 21-a/2———=

Pn(2)
where p,,(z) is the KDE of the covariates.

However, note that this confidence interval is a pointwise confidence interval, i.e., we are controlling the
type-1 error at a given point x. Also, this confidence interval has a limitation that the bias may decrease
our coverage— the construction shows that our confidence interval has the right coverage for E(my,(z)), not
the true regression function m(z). Thus, we often need to undersmooth the data a bit to obtain a proper
coverage. One possible solution to this problem is to use the debiased estimator; see the following paper for
more information

Cheng, G., & Chen, Y. C. (2019). Nonparametric inference via bootstrapping the debiased
estimator. FElectronic Journal of Statistics, 13(1), 2194-2256.

7.4 Local Polynomial Regression

The kernel regression estimator has a limitation that it suffers a lot from the boundary bias, i.e., when z
is close to the support of p(x), the bias will be very large. To address this issue, we may use a modified
estimator called the local polynomial regression (LPR).

LPR starts with the following localized least squared estimation problem. Suppose that we want to estimate
the regression function m(x) at point 2. Consider fitting the following local linear function

LPR(Bo, 1; ) ZK ( ) (Yi = Bo — Bu(X; —x))%,

where K(-) is the usual kernel function. This is fitting a weighted linear regression where the observations
close to z are given higher weights. The above local linear criterion can be viewed as a generalization of
equation (7.6) that we allow a linear term. Let Sy(x), 81(x) be the minimizer of LPR(S3y, 81; ). Then the
estimator Bo(x) is called the local linear smoother and is a consistent estimator of m(zx), the regression
function.

There is a closed-form of the local linear smoother. Define the diagonal matrix

W(z) € R™" = Diag (K <m_hX1) o K <x—hxn>>

and the matrix X € R?*2

X=(1,,X —zl,),

where X is a column vector of X7, -+, X, and 1, is a column vector of 1’s. Let Y be the column vector of
Y1,--+,Y,. Using the derivation as linear regression, you can show that the local linear smoother fy(z) is

Bo(w) = ef (XTW (2)X) "' XTW (2)Y

where e = (1,0) is a 1 x 2 vector. We write my(z) = Bo(x).

We can generalize the local linear smoother to higher order polynomials. For instance, we can fit it to the
g-th order polynomial

n

LPR(B0, B1,- -+, Bgix) = Y K (m
=1

Xi) (Y= Bo—f1(Xi —x) — - By(X; —2)7)2.
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Fitting a higher order polynomial is often used to estimate the derivative of the regression function. In fact,
if we want to consistently estimate m(%), the f—the derivative of m(z), then we will fit a (3 + 1)-th order
polynomial. Using the same derivation as the local linear smoother, you can obtain a closed-form of the
estimator.

Theorem 7.5 (Fan (1992)) Suppose that Y; = m(X;) + o(X;)e; and X; € K with E(e;) = 0,Var(e;) = 1
and X1, , X, ~ p and we are interested in a point x in the interior of K. Assume the followings:

e p(z) > 0.
e p, m", and o are continuous in the neighborhood of x.

e h— 0, nh — oo.

Then the local linear smoother satisfies

2 0'2 X
bias( (1)) = ' (s + o), Var(iw () = =% o ().

Namely, the local linear smoother does not suffer from the design bias. The above theorem is from the
following paper:

Fan, J. (1992). Design-adaptive nonparametric regression. Journal of the American statistical
Association, 87(420), 998-1004.

7.5 Linear Smoother

Now we are going to introduce a very important notion called linear smoother. Linear smoother is a collection
of many regression estimators that have nice properties. The linear smoother is an estimator of the regression
function in the form that

WOEDWACHE (7.10)

where ¢;(x) is some function depending on X7, -+, X,, but not on any of Y7,---,Y,,.

The residual for the j-th observation can be written as

ej =Y —m(X;) =Y; =Y LX)V
i=1

Let e = (e1, -+ ,e,)T be the vector of residuals and define an n x n matrix L as Lij = {;(X;):
0L(Xq) (X)) £3(Xy) - 4a(XD)
. 0(X2) la(Xa) {£3(X9) £ (X2)

Then the predicted vector Y = (?1, e ,?n)T = LY, where Y = (Y7,---,Y,)T is the vector of observed Y;’s
ande=Y-Y=Y—-LY=({-L)Y.
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Example: Linear Regression. For the linear regression, let X denotes the data matrix (first column is all
value 1 and second column is Xy, -+, X,,). We know that 8 = (XTX)1X7Y and Y = X3 = X(XTX) " IXTY.
This implies that the matrix L is

L =X(XTx)7'x7,
which is also the projection matrix in linear regression. Thus, the linear regression is a linear smoother.

Example: Regressogram. The regressogram is also a linear smoother. Let By, --- , B;, be the bins of the
covariate and define B(x) be the bin such that « belongs to. Then
[(X; € B(z))

L0 = X e B@)

Example: Kernel Regression. As you may expect, the kernel regression is also a linear smoother. Recall
from equation (7.5)

_ XL VK (25) | § K (%5%)

~ _ K K —
mh(xo) - ZZLZI K (IO;X@) - ;WZ (x())yth WZ (x()) - Z:l K (ZEO;X@)

_ K)o
i K (#57)

Example: Local Linear Smoother. You can easily show that the LPR is a linear smoother. In particular,
the linear smoother has the vector £(x) = (¢1(x), -+ , £, (x))T as

((z) = el (XTW (2)X) I XTW ().

SO

ti(z)

7.5.1 Variance of Linear Smoother

The linear smoother has an unbiased estimator of the underlying noise level o under the fixed design, i.e.,
the covariates are non-random. Recall that then noise level 0% = Var(e;).

We need to use two tricks about variance and covariance matrix. For a matrix A and a random variable X,
Cov(AX) = ACov(X)AT.
Thus, the covariance matrix of the residual vector
Cov(e) = Cov((I — L)Y) = (I — L)Cov(Y)(I — L™).
Because Y7, -, Y, are IID, Cov(Y) = o2I,,, where I, is the n x n identity matrix. This implies

Cov(e) = (I — L)Cov(Y)(I — L) =0?(I — L — LT + LLT).
Now taking matrix trace in both side,

Tr(Cov(e)) = iVar(ei) =o®Tr(I-L—- LT+ LLT) =o*(n —v —v +7),

i=1

where v = Tr(L) and 7 = Tr(LL"). Because the residual square is approximately Var(e;), we have

Ze? A ZVar(ei) =o%(n—2v+7).
i=1 i=1
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Thus, we can estimate o2 by
~2
= 7.11
? n—2v+v Z k ( )

which is what we did in equation (7.9). The quantity v is called the degree of freedom. In the linear regression

o~ . . . ~2 1 n 2
case, v = U = p + 1, the number of covariates so the variance estimator o = 1 > iy e;. If you have

learned the variance estimator of a linear regression, you should be familiar with this estimator.

The degree of freedom v is easy to interpret in the linear regression. And the power of equation (7.11) is that
it works for every linear smoother as long as the errors ¢;’s are IID. So it shows how we can define effective
degree of freedom for other complicated regression estimator.

7.6 Orthonormal Basis Approach

Recall that we observes pairs (X1,Y1), -, (X,,Y,) and we are interested in the regression function m(x) =
E(Y1|X1 = ). In this section, we will make the following two assumptions:

o YV, =m(X;)+ o -¢;, where ¢; ~ N(0,1) is the noise. Moreover, €1, - , €, are IID.

o X; = % Namely, the covariates consist a uniform grid over [0, 1] and is non-random.

Similar to the basis approach for the density estimation problem where we approximate the density function
by the sum of coefficients and basis, we will approximate the regression function by a basis:

w) = 0;0,(@)

where {¢1, ¢2,- -} is an orthonormal basis and 61, 65, - - are the coefficients.

Again, here we consider the cosine basis:
o1(2) =1, ¢;(x) = V2cos((j — ma),j = 2,3,
As is done in the density estimation, we will use only the top M basis to form our estimator. Namely,
M
=Y 0;0;(x)
j=1

for some coefficient estimates 601, ---. Again, M is the tuning parameter in our estimator.

Here is a simple choice of the coefficient estimates that we will be using:
I 1o i
= =3 V(X)) = - Yio (~ )
e =53 v (5)

To determine the tuning parameter M, we analyze the MISE. We start with analyzing the bias and variance
of 0j .
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7.6.1 Asymptotic theory

Asymptotic normality. Note that the estimator can be rewritten as

Il
()=
Sk
[
=
e
A/~
SHR
~
e
&

Thus, for M being fixed, we have
Vi (i (2) = E(fg (2)) 5 N(0,0%)

for some o%;. Note that later our analysis will demonstrate

M M
E(may(x)) = Zﬁjqu(m), o2 =0 ZQS?(JJ)

Bias.

Namely, the bias is the difference between actual integration and a discretized version of integration. We
know that when n is large, the two integrations are almost the same so we can ignore the bias. Thus, we

will write

bias(aj) =0

for simplicity.
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Variance.

Note that =" | ¢ (L) ~ fo ¢3(x)dx = 1. For simplicity, we just write

N 2
Var(4;) = —

MISE. To analyze the MISE, we first note that the bias of mps(z) is

M [eS) 00
bias(iin (v)) = E(a (2)) = m(z) = Y 0;6,(x) =Y _0i0;(x) = Y 0;d;(x)
j=1 j=1

j=M+1

This further implies that the integrated sqaured bias

/blas mas(z clx—/0 Z 0;¢(x Z Orpe(

j=M+1 (=M1
- 30 3 0 s
j=M+ (=M+1 ,
=I(j=0)
o0
2
= Z 0]
j=M+1

o . 1
Again, if we assume that m satisfies [, [m”(z)|*dz < oo, we have

i 07 = O(M™H).

j=M+1

Now we turn to the analysis of variance.

Var(mM = Var Zaj¢]
= ZVar JrZCOV 9]79k)¢g( x) ()
J#k

M
-z Z¢?<x> 37 Cov(fy, 515 ()b x).

i#k
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After integration, fol ¢j(x)¢r(x)dez = 0 so the integrated variance is

1 2 M 2
/0 Var(ﬁzM(x))dq::Un; i ¢?($)dx: UnM :O(Aj>-

Recall that the MISE is just the sum of integrated bias and integrated variance, we obtain

MISE (/) = /O bias? (g (1)) dr + /O Var(fas () = O(M—) + 0 <J‘n4> .

Thus, the optimal choice is
M* < n'/?,

7.6.2 Basis approach as a linear smoother

The basis estimator is another linear smoother. To see this, we use the follow expansion:

P (z) = Zé}% ()
J];[ 1 .
=y = Zyigbj(Xz)(bj (z)
n (M
= Z Z EQS] (Xi)gj(2) | Vs
= Z&I(.’L’)Yv“

M
where £;(z) = >25_, L0, (Xi)p;(x).
Recall that from the linear smoother theory, we can estimate o2 using the residuals and the degree of freedom:

n
~ 1
0,2 2

_ _ €2,
n—2v+v“
=1

where e; = }A/Z — Y, =mum(X;) = Y; and v,V are the degree of freedoms (see the previous lecture note).

With this variance estimator and the fact that Var(mas(x)) = %2 Z]]Vi1 ¢3(x) and the asymptotic normality,
we can construct a confidence interval (band) of m using

9 M
. o
ma(x) £ H-aj2 - Z (b?(a:)
j=1

Note that this confidence interval is valid for E(m s (z)) = Zfil 0;¢;(x), not the actual m(z). The difference
between them is the bias of our estimator.
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7.6.3 Multivariate case

When there are more than one covariates, i.e., z € R%, we need to use a multivariate basis. A simple
approach is to use a product basis. Consider d = 2 case, we then use the basis

by 0, (21, 72) = P, (21) e, (72).

Clearly, this leads to an orthonormal basis as long as the univariate basis is orthonormal. With this, we can
easily generalize this into d dimensional problem.

Curse of dimensionality. However, when d is not small, this approach quickly run into the curse of
dimensionality. To see this, suppose we use M Dbasis coefficients for each coordinate. This will ensure the
bias is of the order O(M ~*) under 2-Soblev space. However, since we are using a product basis and there
are d coordinates, there will be a total of M¢ coefficients. Thus, the variance will be of the rate O(M¢9/n),
which leads to the optimal MISE

On™ 1),

the same as the kernel regression but we suffer from the curse of dimensionality again.

Regularization. In the multivariate case, the least square approach is often preferred because we can use
penalization. The least square problem in equation (7.12) remains the same but the coefficients will be a
long vector of length M¢, which can easily exceed the sample size n. Thus, L1 or Lo regularization is often
applied in this case to obtain a feasible estimate.

7.7 General basis regression

The basis approach is widely used in modern machine learning (ML) and artificial intelligence (AI). Instead
of using orthonormal basis, the current ML/AI often use basis functions that are not orthonormal. The
basis functions could be either a given set of functions (such as polynomial functions, or spline functions
with fixed knots) or learned from data (data-driven). Let

{¢1($), ¢2(£L'), ¢3(£L’), T }
be a collection of basis functions (linearly independent from each other).

Here are some examples of basis functions that are useful in regression.

e Univariate basis.

— Polynomial basis. ¢;(z) =271 for j =1,2,3,---.

— Regressogram. For regressogram with M bins and X; € [0,1], you can easily see that it
corresponds to the basis functions

— (Cubic) Spline basis. ¢1(x) = 1, ¢2(7) = z, ¢3(x) = 22, d4(x) = 23, and for j = 5,6,-- -,
¢i(z) = max{x — 7j, 0}772,

where 75,76, - - - are given points (knots). This is called the regression spline. Note that 7; can be
data-driven—a special case to this is the spline (penalized) regression; see Section 7.11. There are
other spline basis such as B-spline.
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e Multivariate basis.

— Radial basis. Radial basis are functions of the form ¢;(z) = g(||z — ¢;||2), where g is some
function and cq,co,--- are the ‘center’ of each basis function that are pre-specified or can be
learned from data. A common example is the Gaussian radial basis:

o;(z) = e~ ll=cill*

Note that the RKHS (reproducing kernel Hilbert space) regression method with Gaussian kernel
uses the Gaussian radial basis and each c¢; corresponds to an observation.

— Variational autoencoder. The autoencoder and variational autoencoder can be used to con-
struct basis functions. Recall that a variational autoencoder (amortized variational inference)
occurs when we want to model the feature vector X € R? using a latent representation vector
Z € R? with a model py(z|z) (decoder) and we use a (amortized) variational distribution g4 (z|x)
(encoder) to approximate the implied model py(z|z). Given a learned encoder ¢;(z|x), we can
map each observation X; to a latent representation

Z; = /zqa(z|Xi)dz =Eq, (Z]X;) e R”.

Namely, the latent vector Z; is the conditional mean of the encoder function. We then choose
¢;(Xi) = Zij.

As you can see, there are many data-driven method for finding a basis function. The problem learning basis
functions is a central topic in representation learning (also known as feature learning).

When using basis regression, we attempt to approximate m(z) = E(Y|X = z) by
m(z) =Y 0;;(x)
j=1

and we estimate 6; using the least square method.

Suppose we have M basis functions, we are approximating

M
j=1
With this, we estimate 6 by
2
R 1 n M
Ors = argmin, - SYi=> 0ie(x0) | (7.12)
i=1 j=1

You may have noticed that the above form looks like linear regression. Indeed, is can be written as a linear

model. Let @ = (01,---,0p)7 be the parameter vector and ® € R"*M be the ‘design’ matrix such that
Dij = ¢;(Xi)
and Y = (Y1,---,Y,)T. Then the least square estimator in equation (7.12) can be written as

~ 1
0rs = argmin, EHY—(I)HH%, (7.13)
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which leads to a closed-form solution R
Ors = (@T®)1oTy.

Under the least square method with M basis coefficients, there are effectively M parameters. Thus, we do
need M to be smaller than the sample size but this is a condition that is easily satisfied.

The least square approach has a benefit that you can easily combine it with penalization method (adding L,
or Ly penalization) because it is essentially a linear model problem. This is particularly useful when there
are more than one covariate.

Note: you can easily see that all of the above basis regression methods are linear smoother—the matrix
(®T®)~1®T does not depend on any outcome variable Y.

7.8 Neural nets

The conventional neural networks for regression may be viewed as a basis regression approach. However,
they differ from traditional basis regression methods in the sense that the basis in a neural net is learned
using information from the outcome variable Y

To see this, we consider a very simple ReLU (Rectified Linear Unit) neural net. Namely, we choose the
activation function to be max{0,x}. Consider the ReLU function o(z) = max{0, z}. For a vector z € R¢, we
define the element-wise activation o4 : RY — R? such that (04(2)); = o(2;) = max{0,z;} for j = 1,--- ,d.
Suppose our data consists of IID random elements

(Xla Yl)a R (XTMYH) S Rdl x R
Then we define the function Gy : R% — R
Ge(x) = 04, (W20d2 (Wll' + bl) + bg),

where W € R%2xd1 W, € R4 b, ¢ R% by, € R are the parameters in the neural net. Gy is a two-layer
ReLU neural net that is parametrized by 6 = (W7, Wa, by, by). Suppose 6 is given, our final prediction model
is to find B € R%, « € R that minimizes

min > (¥ - BGo(Xi) — o).

’ i=1

Thus, this can be viewed as a basis approach with the basis function

{¢0(.’IJ) = 17 ¢1(.’E), U 7¢d3(x)}
such that ¢;(x) = G j(x), the j-th element of Gy(z) for j =1,2,--- ,ds.

However, a crucial difference between neural nets and other basis regression is that we estimate/learn 6 using
the outcome as well. In fact, during the training of the neural net, we are actually finding 6, 8 at the same
time via minimizing

n
min Y; — BTG (X;) — o).
.00 ;( i =B 9( z) )
Given 0, learning 3, « is a straightforward linear regression/basis regression problem and the learning of 6
is done via a gradient descent and the famous back-propagation algorithm. Because we are learning 6 using
outcome variables, the resulting basis function depends on Y, so a neural net model is not a linear smoother.
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7.8.1 Back-propagation: simple case

The training of neural nets often rely on the back-propagation method, which is essentially a numerical
procedure of using chain rule in calculus. Here we describe more details about it.

Example: a univariate (single neuron) 4-layer neural net. To motivate the problem, we consider a
4-layer neural net with a scalar input € R and a single neuron in each layer. The regression model Gy(z)
is

Gy(z) = wao(wzo(wao(wiz + by) + ba) + bg) + ba,

where we use the convention that o is the activation function (such as ReLU or sigmoid). The parameter
0= (w1, - ,ws, b1, ,bs) and we assume wj, b; € R for simplicity. The parameter w; is called the weight.

We consider all layers to be univariate to simplify the derivations. The back-propagation algorithm is a

method for quickly computing the gradient VyGy(x). In our simple case, it is the vectors %w(f), 9Co(z)

ab;

Since the neural net consists of many compositions, we can simplify it as the following iterative equations:

ho==x

z1 = wiho + by = fi(x; w1, b1)

h1 = o(z1)

2y = wahy + by = fo(w;wy, by, wa, b2)

ho = 0(22)

z3 = wzha + b3 = f3(w;w1, b1, w3, b3)
hs = o(z3)

zg = wahg + by = fa(w;w1,b1, -+, wa, ba).

Namely, given hy = z, we iteratively compute z; = w;h;j_1 + b; and h; = o(z;). Clearly, our output is
Go(x) = 24 = fa(x; w1, b1, , w4, by).

One can see that the last set of parameter (wy, by) only appear in z4, not in 21, 22, z3. Thus, the gradient of
Wy, b4 of Gg(x) is

0 024 0 0zy
— =—=h —G = =1.
Dwn Go(x) D, 3 by o() e
Similarly, (ws, bs) only appear in z3, z4, not in 21, 22, so
0 0zy  0z4 Oz3 ,
R = — = ——— = h
6’(1)3 G9 (1’) 811}3 823 8w3 waa (ZS) >
0 o 82’4 o (924 523 o ’
8[)3 GQ(I) o 8b3 o 82’3 8[)3 e (23)’
where we use the fact that g%;‘ = wy0'(z3). The same idea applies to (wa, ba):
0 0z4 Oz3 Oz
aTUZGG(@") = 87:2872287022 = [wy0' (23)][w30" (22)] 1,
0 o 824 82’3 82’2 o ’ ’
%Ge(x) = 923 0o Oy [wao”(23)][wso’ (22)],
and similarly,
0 /
Fu. Co@) = [wao’ (23)][wz0” (22)][waa’ (21)] o,
w1
0

aT)lGe(I) = [wyo'(23)][wz0’ (22)][w20" (21)],
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Now we define 14 = 1 and recursively compute

14

ne = [ [lwss10”(25)) = neva - [werao”(20)]
s=4

for £ = 3,2,1. Then we can elegantly express the gradient as

0

%Ge(ﬂf) = nghe—1,
0

%Ge(x) =T,

for £ = 1,2,3,4. Numerically, we first run a forward computation that starts with
ho=x — 21— hy — 29— hy = 23 = hg — 24
and then compute the gradient from backward ¢ = 4,3,2,1 with n, = 1 and

Ne = Ney1 - [weg10”(20)],

0

TWGG(x) = nehy—1,
0

a—ng(z) =M.

The above backward computation is called back-propagation.

The same approach applies to any L-layer univariate neural nets. And we are essentially running a forward
computation starting with hg = x and iterate £ =1,2,--- , L:

z¢ = wehy_1 + by, he = O'(Zg) (714)
and then compute backward with n, =1 and for { =L —-1,L —2,---,1:

Ne = Neg1 - [Weg10”(20)]

0

aTUZGO(x) = nghe—1, (7.15)
0

%Ge(x) =Te-

Note that %Gg(x) = hr_1 and %Gg(x) =1.

wL

7.8.2 Back-propagation: general case

In practice, we do not just use a univariate network—we will be using multi-neuron network. Each weight
parameter w; become a weight matrix W; € R%>*4i-1 and b; € R%. Since our output Gy(z) is to compute to
the response Y € R and the input x € R?, we have the additional constraint that dy = d (input dimension)
and dy, = 1 (output dimension).

Equations (7.14) will be modified into hg = 2 € R%
20=Wehg_1 +by € RY%  hy=0(z) € R, (7.16)

where for a vector input z, o(z) applies the activation function element-wise. Given the parameter 0, it is
easy to compute all zy, hy.
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We then apply the back-propagation, which generalizes equation (7.15) that starts with 1, = 1 and compute
{=L-1,L—2 with
ne = Wiime © o’ (z0) € RY,
Vw,Go(x) = nehl | € Riexde-1 (7.17)
Vi, Go(x) =10 € R™,

where ® is the elementwise product between two vectors. Note that Vi, Gg(z) = hL_| is a row vector since
the output layer W;, € R1*4-1 and %Gg(x) =1.

7.8.3 Output layer, input layer, and hidden layers

The last layer z;, that compute the final value of Gy(z) is called the output layer, which corresponds
to parameters Wy, and b;. The conventional neural nets use a linear model when performing a regression
problem. For classification, the output layer is generally a logistic regression model.

Note that the output of the second-to-the-last layer, hy_1 = o(zp—1) = f(a; Wi,b1,--- ,Wr_1,br,_1), can
be viewed as the basis function of the neural net. From this perspective, you can easily see that the neural
net is a basis regression model but not a linear smoother since the construction of hy, uses the outcome
variables.

The first layer z; = Wiz + by is called the input layer, which transforms the input x into numerical vectors.
For continuous z, we generally use the same setup as other layers that z; = Wiz + b;. However, if the input
is in other data formats such as text or image or functional data, the input layer is often chosen to be a
mapping that convert the data into a numerical vector.

Other layers (L —1,L —2,--- ,2) are conventional hidden layers that are modeled by the activation function
and a series of simple linear mapping.

7.9 Regression Tree

In this section, we assume that the covariate may have multiple dimensions, i.e., = (21, ,24). And our
data are (X1,Y1), -+ ,(X,,Ys) ~ P for some CDF P. Again, we are interested in the regression function
m(x) =E(Y1|X; = x).

Regression tree constructs an estimator of the form:

M
m(z) = Zcﬂ(x € Ry),
=1

where Ry is some rectangle partition of the space of covariates.

Here is an example of a regression tree and its splits. In this example, there are two covariates (namely,
d = 2) and we have 3 regions Ry, Ra, R3:

Ry = {(.131,.2?2) tx1 < 10,29 < 5}, Ry = {(.%‘1,.1‘2) rx1 < 10,29 > 5},R3 = {(1‘1,1‘2) x> 10}.

A regression tree estimator will predict the same value of the response Y within the same area of the covariate.
Namely, m(z) will be the same when « is within the same area.
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T
<10 > 10
9 Rs
f N
1 Ry
o X
Ry
Ry
Ry
T
To use a regression tree, there are 2M quantities to be determined: the regions Ry, - - , Ry and the predicted
values c1,--- ,cp. When Ry, -+, Ry are given, ci,--- ,cpr can be simply estimated by the average within

each region, i.e.,
= S YI(X; € Ry)
Y I(X; € Ry)

Thus, the difficult part is the determination of Ry,--- , Ryy.

Unfortunately, there is no simple closed form solution to these regions. We only have a procedure for
computing it. Here is what we will do in practice. Let X;; be the j-th coordinate of the i-th observation
(Xi).

1. For a given j, we define
Ra(j78) = {.73]‘ cry < S}a Rb(]75) = {33]‘ t Ly > S}

2. Find ¢, and ¢, that minimizes

respectively.

3. Compute the score

SGs)= >, Vi—ca)®+ Y (Yi—a)

X,ER, X,ERy

4. Change s and repeat the same calculation until we find the minimizer of S(j, s), denoted the minimal
score as S*(j).

5. Compute the score S*(j) for j =1,--- ,d.
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6. Pick the dimension (coordinate) and the corresponding split point s that has the minimal score S*(j).
Partition the space into two parts according to this split.

7. Repeat the above procedure for each partition until certain stopping criterion is satisfied.

~

Using the above procedure, we will eventually end up with a collection of rectangle partitions El, -+, Ry
Then the final estimator is

M
m(x) = &l(x € Ry).
(=1

For the stopping criterion, sometimes people will pick the number of M so as long as we obtain M regions,
the splitting procedure will stop. However, such a choice M is rather arbitrary. A popular alternative is to
top the criterion based on minimizing some score that balances the fitting quality and the complexity of the
tree. For instance, we may stop the criterion if the following score is no longer decreasing:

Cyn(M) =

S|

zn:(n —m(X;))? + AM,

where A > 0 is a tuning parameter that determines the ‘penalty’ for having a complex tree. In the next
lecture, we will talk more about this penalty type tuning parameter.

Cross-validation. The tuning parameter How to choose the tuning parameter A? There is a simple
approach called the cross-validation® that can compute a good choice of this quantity. Not only ), other
tuning parameters such as the number of basis M, the smoothing bandwidth A, the bin size b, can be chosen
using the cross-validation.

Remark.

e Interpreation. Regression tree has a powerful feature that it is easy to interpret. Even without
much training, a practitioner can use the output from a regression tree very easily. A limitation of
the regression tree is that it partitions the space of covariates into rectangle regions, which may be
unrealistic for the actual regression model.

e MARS (multivariate adaptive regression splines). The regression tree has another limitation
that it predicts the same value within the same region. This creates a jump on the boundary of
two consecutive regions. There is a modified regression tree called MARS (multivariate adaptive
regression splines) that allows a continuous (and possibly smooth) changes over two regions. See
https://en.wikipedia.org/wiki/Multivariate_adaptive_regression_splines.

7.10 Penalized regression

In the regression tree, we talk about the case that we want to select the number of leaves M based on the
following criterion:

1 _
Con(M) = =) (V; — i(X;))* + AM : (7.18)
" =1 penalty on the complexity

fitting to the data

It turns out that this type of criterion is very general in regression analysis because we want to avoid the
problem of overfitting.

4https://en.wikipedia.org/wiki/Cross-validation_(statistics)
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The overfitting means that you fit a too complex model to the data so that although the fitted curve is close
to most of the observations, the actual prediction is very bad. For instance, the following picture shows the
fitted result using a smoothing/cubic spline (here the quantity spar is related to A):

n L]
= o spar=0.2
° . e spar=0.8
- e gpar=1.5
0 —
[S]
> o
Te]
o‘ —
]
a . o
Cle
"'r_? _ o % b .
]

This data is generated from a sine function plus a small noise. When A is too small (orange curve), we fit a
very complicated model to the data, which does not capture the right structure. On the other hand, when
A is too large (green curve), we fit a too simple model (a straight line), which is also bad in predicting the
actual outcome. When A is too small, it is called overfitting (orange curve) whereas when A is too large,
it is called underfitting (green curve). In fact, overfitting is similar to undersmoothing and underfitting is
similar to oversmoothing. It regression analysis, people prefer to use overfitting and underfitting to describe
the outcome and in density estimation, people prefer to use undersmoothing and oversmoothing.

Finding a regression estimator using a criterion with a fitting to the data plus a penalty on the complexity
is called a penalized regression. In the case of regression tree, let

Mree = {all possible regression trees}

be the collection of all possible regression trees. We can rewrite equation (7.18) as

n

. 1
MTree = argmin — Z(YZ —m(X;))? + Pa(m),

mEMree T 5]

where Py (m) = A x number of regions in m. Thus, with the penalty on the number of regions, the regression
tree is a penalized regression approach.

For any penalized regression approach, there is an abstract expression for them:

n

1
M = argmin — Y; — m(X;))? + Pa(m), 7.19
ramin S (0~ mG) 4 Paon) (719)

where M is a collection of regression estimators and P (m) is the amount of penalty imposed for a regression
estimator m € M and X is a tuning parameter that determines the amount of penalty. The penalized
regression always have a fitting part (e.g., = 31", (Y; —m(X;))?) and a penalized part (also called regularized
part) Pxa(m). The fitting part makes sure the model fits the data well while the penalized part guarantees
that the model is not too complex. Thus, the penalized regression often leads to a simple model with a good
fitting to the data.
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7.11 Spline

Smoothing spline is a famous example in penalized regression methods. Here we consider the case of uni-
variate regression (i.e., the covariate X is univariate or equivalently, d = 1) and focus on the region where
the covariates belongs to [0, 1]. Namely, our data is (X1,Y7),---,(X,,Y,) with X; € [0,1] C R for each i.

Let My denotes the collection of all univariate functions with second derivative on [0, 1]. The cubic (smooth-
ing) spline finds an estimator

n

1
m = argmin 1 Z(Y’ —m(X;))* + )\/ |m” (x)|*dz. (7.20)
meMz T 0

In the cubic spline the penalty function is A fol |m”"(z)|?dx, which imposes restriction on the smoothness —
the curve m(z) cannot change too drastically otherwise the second derivatives will be large. Thus, the cubic
spline leads to a smooth curve but fits to the data well.

Why the estimator m is called a cubic spline? This is because it turns out that m is a piecewise polynomial
function (spline) with degree of 3. Namely, there exists knots 71 < -+ < 7k such that for x € (7%, Tk+1),

M) = Yok + V1,.% + Y2,52° + Y352,

for some ok, - - - , 73, With restriction that m(z) has continuous second derivatives at each knot. In the case
of cubic spline, it turns out that the knots are just data points.

The representation of a cubic spline is often done using some basis function. Here we will introduce a simple
basis called the truncated power basis. Let X (1) < X(2) < -+ < X(,) be the ordered statistics of X1, -, X,,.
In the cubic spline, the knots are

T1 = X(l)aTQ = X(2)7 y Tn = X(n)

The truncated power basis uses a collection of functions
hi(z) =1, ho(z) = z, hs(x) = 2%, ha(x) = 23,

and
hj(x):(‘r—Tj—4):?’|-’ j:5767"'7n+45

where (z)4 = max{z,0}. Then the estimator m can be written as

n+4

m(z) = Z Bjhy(x),

for some properly chosen Bj.

How do we compute 31, sy §n+4? They should be chosen using equation (7.20). Here how we will compute
it. Define an n x (n + 4) matrix H such that

and an (n 4+ 4) x (n 4+ 4) matrix  with
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n+4

In this case, we define m(z) = > .7,

Bjih;(z) so the criterion in the right-hand side of (7.20) becomes

1 = 2 ! " 2 T
E;(Yi—m(Xi)) -I-)\/O |m” (z)|°d

2
n+4

1 n 1 [nt+4 n+4
- n Z Yi— Z Bihi(Xi) | + )‘/0 Z Bihj(x) (Z 5£h£($)> dz
=1 j=1 j=1 =1

=Y - HB|]” + 25708
where Y = (Y7,---,Y,) and 8= (51, , Bnta). Thus,

B = argmingR,,(8) = (HTH + Q) 'HTY.

Given a point z, let H(z) = (hi(x), ha(x), -+ , hpnta(z)) be an (n+4)-dimensional vector. Then the predicted
value m(z) has a simple form:

w(z) = H ()8 = H (2)(HTH+ AQ) "'H'Y = Y £;(2)Y;,
=1
where
li(z) = HY (2)(HTH + \Q) " tH ¢;,

with e¢; = (0,0,---,0, 1 ,0,--+,0) is the unit vector in the i-th coordinate. Therefore, again the

i-th coordinate
cubic spline is a linear smoother.

Note that when the sample size n is large, the spline estimator behaves like a kernel regression in the sense

that
1

li(z) = p(Xi)h(Xi)K ()ljzXf>

h(x):(@)l/‘*’ K(x):;exp<—|362>sin(|\2+1).

This is formally stated in the following paper:

and

Silverman, B. W. (1984). Spline smoothing: the equivalent variable kernel method. The Annals
of Statistics, 12(3), 898-916.

Remark.

e Regression spline. In the case where we use the spline basis to do regression but without a penalty
and use fewer number of knots (and we allow the knots to be at non data points), the resulting
estimator is called a regression spline. Namely, a regression spline is an estimator of the form m(z) =
ij\il Bjh;(x), where 1, - -, By are determined by minimizing

1 n M 2
EZ Y; =Y Bihi(Xi)
i=1 =1

Using our notations, the regression spline can be written as

m(z) = H" (2)8 = H' (z)(HTH) 'HTY.
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e B-spline basis. There are other basis that can be used in constructing a spline estimator. One of
the most famous basis is the B-spline basis. This basis is defined through a recursive way so we will
not go to the details here. If you are interested in, you can check https://cran.r-project.org/
web/packages/crs/vignettes/spline_primer.pdf. The advantage of using a B-spline basis is the
computation.

e M-th order spline. There are higher order spline. If we modify the optimization criterion to
1« !
S mX)2 4 [ @),
n s 0
=1

where m(#) denotes the S-th derivative, then the estimator is called a (8 + 1)-th order spline. As you
may expect, we can construct a truncated power basis using polynomials up to the order of 4+ 1.
Namely, we will use 1,z,22,--- , 2?1 and knots to construct the basis.

7.12 Additive models

All nonparametric regression suffers from the curse of dimensionality; namely, when the number of covariates
d is large, the convergence rate could be extremely slow. For instance, in the kernel regression, the optimal

rate under a standard smoothness (2-Hélder) condition is Op (n7ﬁ> When d is greater than 6, this rate

is very slow.

To deal with this problem, a common solution is the additive model. Namely, we assume that the regression
model
EY|X =z) =m(x) = po + pa(x1) + -+ + pa(zq) (7.21)

with the condition that
E(m;(X;)) = /mj(xj)]?j(xj)dxj =0, j=12,---,d (7.22)

to avoid identification problem. Note that p;(z;) is the marginal PDF of X;. This is called the additive
model.

Here we will introduce three common methods for estimating the additive model.

7.12.1 Direct approach

From equations (7.21) and (7.22), we immediately have the following result:

d

E(m(z1, X2, -+, Xa)) = mo + p1(x1) + ZE(M(Xj)) =mo + p1(z1).

The same result holds for any j;(x;). Note that mo = E(Y’) can be estimated by the simple sample mean
Y,,. Thus, all we need is a multivariate regression estimator m(x) and then construct the estimator

B 1 n
i :_Yn _ m 7Xi 7"'aXi .
fi1 (1) + ;m(a?l 2 d)

A similar idea can be applied to other m;(z;).


https://cran.r-project.org/web/packages/crs/vignettes/spline_primer.pdf
https://cran.r-project.org/web/packages/crs/vignettes/spline_primer.pdf
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However, this idea may not give an estimator with a fast convergence rate because we are still estimating
the full-dimensional regression model m. To obtain a fast rate, we consider a ‘partial’ local polynomial
regression. Let

(@1(2). B () = argmin,, 5 gm o= X — e K (Xh_) I (Xza_$> ’

1

where h, b are smoothing bandwidth that may not necessarily be the same. Note that the above local linear
model is linear only in x; but the kernel (localization) is on all variables. The constant term a;(z) is an
estimator of the regression model. To obtain the estimator fi1(x1), we average out other variables:

- 1g- -
() = — > @i (w1, Xig, -+, Xia)- (7.23)
i=1

We can apply the same idea to other coordinates. It can be shown that estimator in equation (7.23) has a
convergence rate O(h?) + Op (1 / #), which can recover the convergence rate to n=%/%; see the following

paper’:

Fan, J., Hardle, W., & Mammen, E. (1998). Direct estimation of low-dimensional components
in additive models. The Annals of Statistics, 26(3), 943-971.

We provide a high-level derivation on the convergence rate in Section 7.12.4.

7.12.2 Least square approach

A second approach to the additive model is the least square method. The high-level idea is that we want to
construct estimators fiy, - - - , fig from the minimizing the following criterion

2
n

d
PR REDITIe )
=1

i=1

While this minimization could be challenge, we may restrict our model to a particular form such as the
orthonormal basis or spline (with penalization on the smoothness) to make it easier.

Suppose that each X; € [0,1]. Let {¢¢(z) : £ =1,---,} be an orthonormal basis (e.g., cosine basis). We
then consider M basis functions ¢1(z),- - , ¢ (z) and approximate each function

M
pi () =Y 0j0du(;).
=1

All we need is to estimate the coefficients § € R¥*M | Under the least-square criterion, we may estimate the

coeflicients by
2

n d M
gzargminez Y; _Zzajf'(bf(Xij)
i=1

j=1¢=1

5 A caveat is that we still need nhb%~! — oo and b/h — 0. To obtain the optimal rate h < n=1/5 we need d < 5, so there
is still a restriction on the dimension.
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The estimator
M
Z gL ¢€ ZE]
(=1

Under the regular smoothness (2-Soblev), the bias will be O(M~2) and the variance is O(Md/n), so the
optimal rate will be O(d - n=*/°) with M =< n'/5, which does not suffer too much from the curse of dimen-
sionality.

The above method has a limitation that the asymptotic distribution is difficult to characterize. To resolve
this problem, people recommend to perform an additional step that for each j, we compute a pseudo-outcome

Yy =Yi— Y= > fn(Xu)
k#j

by leaving out the j-th coordinate. Then we use a marginal model of regressing ﬁj against X;; such as a
kernel regression:

S (S5 7,
SR ()

The estimator fi;(x;) has a nice asymptotic distribution (asymptotically normal).

iy (x5) =

See the following papers for the use of this idea

1. Wang, L., & Yang, L. (2007). Spline-backfitted kernel smoothing of nonlinear additive autore-
gression model.
2. Horowitz, J. L., & Mammen, E. (2004). Nonparametric estimation of an additive model with
a link function.

7.12.3 Backfitting approach

The backfitting is perhaps the most popular method for the additive model. Note that the additive model
in equation (7.21) can be written as

Y= po+pa(X1) + -+ pa(Xa) + €.
Now we take conditional expectation E(-|X; = ;) in both sides, leading to
E(Y|X; = ;) = po + p(w) + Y Bl (X)X, = ;).
ey
By rearrangements and using the fact that po = E(Y),
pi(z;) =E(Y|X; = 2;) —E(Y) = > E(u(X)|X; = ;)
k#j

E(Y|X; = x;) Z/,uk xp)p(xk|e;)dey.

k#j

(7.24)

Equation (7.24) is the famous backfitting equation.

The function E(Y|X; = ;) can be easily estimated by any marginal nonparametric regression model and
E(Y) can be estimated by the simple sample mean Y,,. Thus, a good estimator mu;(x;) should satisfies the
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following empirical equation

1 (25) = my(x;) Z/Mk (zx)p(k|x;)day, (7.25)
k#j

where m;(z;) is an estimator of the marginal model E(Y|X; = x;) and p(x|z;) is the conditional PDF
estimator. Our goal is to find estimators solving equation (7.25).

Numerically, the backfitting method is the following iterative procedure:

1. Start with initial estimates
~(0 .
2. Fort =1,---, do the following until a stopping criterion is met:

(a) For j=1,---,d, do:

) = igas) =Yoo= 30 [ B0 @Gl o+ YA bl

k<j k>j

Namely, we sequentially update the estimator [i; according to equation (7.25).

Theoretical properties of the backfitting method can be found in the following paper:

Mammen, E., Linton, O., & Nielsen, J. (1999). The existence and asymptotic properties of a
backfitting projection algorithm under weak conditions. The Annals of Statistics, 27(5), 1443-
1490.

A very common conditional PDF estimator is the KDE:
S K (S K (52)
SV oy

Note that we may use a kernel CDF approach to replace the PDF estimator in equation (7.25) in the sense
that p(xr|x;)dxy can be replaced by dP(zx|z;), where

Playy = o= x’“)K_(W)
ZZ 1K< ij T;)

plak|r;) =

With this,

n

[ AnodPasla;) = - Wiitey) - (X
i=1
where W;(z;) > 0,>""" ; Wj;(z;) = 1, and

Wii(z;) = K(th_%)gg
i K ()

which is the kernel weight of j-th coordinate for each observation. Thus, backfitting equation can be reex-
pressed as

i (w;) = () = Yo = > Wig(ay) - ir(Xin).-

k#j i=1



7-32 Lecture 7: Nonparametric Regression

7.12.4 A high-level idea of the rate in the direct approach

Here we illustrate the high-level idea on how the direct approach in Section 7.12.1 in the additive model can
improve the convergence rate. The original work in [FHM1998] is on local polynomial regression and the
derivation is a lot more involved. To simplify the problem, we use the kernel regression as an example.

Suppose X € R? and let

~

m(x) =

ZZ 1YK< il "F1>K(Xi?l;:p2)
o () W ()

be the kernel regression estimator. When using the direct approach, the estimator of the first component
w1 (z1) will be

N S R _ R ~
pi(z1) = =Yn + -~ Zm(ﬂh,Xi,z) =-Y,+ /m($17$2)dp($2)7
i=1

where ﬁ(xg) = 15" | I(Xi2 < x) is the empirical distribution.

Clearly, the convergence rate of fi1 (1) is dominated by the rate in the second term + " | m(z1, X;2). So
we focus on deriving its rate.

Using the fact that the denominator of m(x) is the 2-D KDE, we have the following approximation of the
kernel regression:

ZZ 1YK< @112"1) K(Xzz;m)
K () K (5)
nhlhz Zz 1 YK ( 4 111> K (Xii;l?)
- i1—T1 Xia—x
nh1h2 Z’L lK( 1Z)K( ?lgyZ)
_ Rn(zlaIQ)
Phyhs (T1,T2)

_ Ru(z1, 22) _ R(x1, %) Py hy (21, 22) — p(a1, 22)
p(z1,22)  p(z1,22) p(z1, 22)

~

m(x) =

)

where R, (z1,72) = #1@ Y VK (X’}I:“) K (X”f;;“) and R(z1,22) = [yp(y,x1,22)dy is the asymp-
totic limit of R,, and p(x1,z2) is the joint PDF and pn, n,(x1,22) is the 2-D KDE.

Applying this into fi1(x1), we obtain

1(x1):/ﬁ1(:r1,m2)d]3(x2)
R(a1,22) | Pz 2)_/R(xl,m)ﬁhl,hz(m,xz)—p(m,mz)
$1,$2 p($1,$2) P(xhi@)

(I) (I1)

Clearly, the bias in both (I) and (II) will be O(h? +h3). So we now focus on the variance/stochastic variation
in both terms.
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Variance in (I). A direct calculation shows that

R 3717*%.2

1'1,1‘2 ( 2)

- o (Xo—m Xiz = _
_”h1h2ZEK< i )/K( ha )“’(“’%)dﬂwa)

nhleK( e >nh2i < )/p(a:l,ng).

The quantity %hz E” K (M> /p(x1,Xj2) is essentially a 1D weighted KDE centered at X;o with a
weight W and asymptotically,

iz 1 (R e =555 w0 () = iy

Thus,

n

1 Y; Xi1 — 331>
~ — K .
hi Z p($1|X12) ( hy

Clearly, the variance of (I) will be of the order of O(-}— -), which is the desired result.

Variance in (II). The variance of the second term can be derived from essentially the same approach. We
now focus only on pp, n, (71, x2) since the other quantity is non-random.

R ~
(II/) _ xl,l‘Q ph],hg('rlvxZ)dP(xQ)
CU179€2 p(r1,22)

R $1,JS2 2 — T2 fa
K K P
”hth Z < ) 2(z1,22) ( ha > dP(zs)
1 R(z1,X;2) (Xm - X‘z)
K - ) J K J
nh1 Z ( ) nhz ; p2($1,Xj2) h2
—21\ R(z1,Xp0)p(Xi2)
K . .
"hl Z ( ) p2(z1, Xiz)

This term clearly has an asymptotic variance of the order of O(%hl)

ZZ

Finally, using the fact that Var(X +Y) < 2Var(X) + 2Var(Y'), we conclude that the variance of fiy (x1) is of
the order of O(ﬁ)

Formally, the rate should be written as

fi1(x1) — pa(x1) = O(h?) + O(h3) 4+ Op (\/T}h)

when hy — 0,hy — 0,nhi1hy — oco. We still need nhihe — oo to ensure the 2-D KDE can approximate

p(x1,x2) well. In some paper, we add an additional condition Z—f — 0, so that we can drop O(h3) in the

rate, making it O(h?) + Op (1/ ) the usual 1-D rate.

Remark.
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. The key to improve the rate is the integral [ ﬁ@(xl,xg)dﬁ(xg) that removes the effect of the second

variable. This integral converts the kernel into a weight at each observation. Without this integral, we
will still be in the usual 2D rate.

While we only consider d = 2, the whole derivation remains the same when we have more variables.
Suppose we have d variables, then we still have

d
(1) — (1) = O <; hz) L Op <\/nThl)
under the condition that nhihg ---hg — 0.
In fact, this derivation holds if we are considering the additive model in the form of
m(z) = pa(x1) +n(w2, -, a).

We will still obtain the same convergence rate using the estimator fiy(z1)! In [FHM1998], they even
consider a more general setup that

m(z) = p1(w1) + p2(z2)

with 21 € RP and 25 € R%. Let h be the smoothing bandwidth for 1 and b be the smoothing bandwidth
for x5. The convergence rate will be

ﬁl(xl) - Hl(xl) =0 <h2 +b2) +OP <\/E> )

under the constraint nh?b% — .
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