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Abstract

High dimension low sample size data, like the microarray gene expression levels, pose numerous challenges to conventional
statistical methods. In the particular case of binary classification, some classification methods, such as the support vector machine
(SVM), can efficiently deal with high-dimensional predictors, but lacks the accuracy in estimating the probability of membership of
a class. In contrast, the traditional logistic regression (TLR) effectively estimates the probability of class membership for data with
low-dimensional inputs, but does not handle high-dimensional cases. The study bridges the gap between SVM and TLR by their loss
functions. Based on the proposed new loss function, a pseudo-logistic regression and classification approach which simultaneously
combines the strengths of both SVM and TLR is also proposed. Simulation evaluations and real data applications demonstrate that
for low-dimensional data, the proposed method produces regression estimates comparable to those of TLR and penalized logistic
regression, and that for high-dimensional data, the new method possesses higher classification accuracy than SVM and, in the
meanwhile, enjoys enhanced computational convergence and stability.
© 2007 Published by Elsevier B.V.
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1. Introduction

Technological invention and information advancement have revolutionized scientific research and technological
development. Many sophisticated large-scale data sets have recently been collected. These new data sets and streams
pose numerous challenges to conventional statistical or data mining methods due to not only the massive size, but also
the high dimensionality.

In this paper, we focus on high dimension low sample size data, the so-called large p small n data, with binary class
label responses. Notable examples include clinical assessment of tumor types for microarray gene expression data, in
which the number of variables (genes) far exceeds the number of samples (arrays). The traditional logistic regression
(TLR) method effectively estimates the probability of class membership for large n small p data, but does not handle
data sets with high-dimensional predictors. Besides, a monotone likelihood problem will occur when the predictors are
fully separable (Firth, 1993). In that case, logistic regression will give unreliable estimates. See Albert and Anderson
(1984) and Santner and Duffy (1986) for details.
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On the other hand, the support vector machine (SVM) has emerged as a powerful pattern classification tool for high-
dimensional data. By means of the dual representation, SVM translates an optimization problem of p-variables into the
counterpart of n-variables. This characteristic enables SVM to efficiently deal with high-dimensional predictors. Refer
to Vapnik (1996) and Cristianini and Shawe-Taylor (2000), among many others, for details. Nonetheless, unlike the
logistic regression, SVM lacks the accuracy in estimating the probability of membership for each class. Therefore, SVM
is less appropriate to estimate the class probability, which is of significant importance in various scientific disciplines.

In this paper, we aim to develop a high-dimensional regression and classification method which simultaneously
combines the strengths of both SVM and TLR. To achieve this goal, we bridge the gap between SVM and TLR by
their loss functions. Based on our proposed new loss function, we further propose a pseudo-logistic regression (PsLR)
and classification approach which integrates the classification ability of SVM and the regression capability of TLR.
Simulation evaluations and real data applications demonstrate that for low-dimensional data, the proposed method
produces regression estimates comparable to those of TLR and penalized logistic regression (PeLLR) (Eilers et al.,
2001), and that for high-dimensional data, the new method possesses higher classification accuracy than SVM and, in
the meanwhile, enjoys enhanced computational convergence and stability. As will be discussed in Section 3.2, the PeLR
when applied to high-dimensional data, reduces the size of the estimating equations, but could not genuinely resolve
the problems of computational instability and solution non-uniqueness. In contrast, our proposed method effectively
overcomes these problems.

This paper is organized as follows. In Section 2, we review TLR and SVM, and connect them by their loss functions.
In Section 3, we propose the PsSLR method. In Section 4, we present some property of PsSLR and propose a bias
correction procedure for PsLR estimates. We apply our method to simulated data in Section 5 and real data sets in
Section 6. Section 7 concludes this paper by a discussion. All detailed derivations are postponed to the Appendix.

2. Logistic regression and SVM

In this section, we start by reviewing TLR and SVM. After that, we will connect these two methods by their loss
functions, which motivate the proposed PsLR method.

2.1. Logistic regression

Let Y € {0, 1} indicate the class label of a sample and X = (Xq,..., X p)T be the vector of explanatory variables.
Define the conditional mean response function by m(x) = P(Y = 1|X = x) and the canonical parameter by 0(x) =
In[m(x)/{1 — m(x)}]. In TLR, it is assumed that

0(x) = fy + <" B, (2.1)

where fjyand f=(f;,..., p)T are unknown parameters.
For independent samples {(x;, y;)}7_; drawn from (X, ), the maximum likelihood estimates of f3, and f are obtained
from minimizing the negative conditional log-likelihood function

n

(B =~y InfmG)} + (1 =y Infl — m(x)]

i=1

= — > [y B — In{l + expE P}, 2.2)
i=1

where X; = (1, xiT)T and = (f, ,BT)T. For computational implementation, it is customary to use the Newton—Raphson
algorithm which requires the score vector

oup "o
%’) — l_;xi{y,- — m(),
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and the Hessian matrix
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— = 1% m(xi) {1 —m(x)}.
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Starting from an initial value ﬂ( ), the estimate of B can be obtained from the iterations
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Denote the resultmg estimates by Bo and ﬁ The mean regression function can then be estimated by m(x) = 1/{1 +
exp(— [30 - x [3)} More details of logistic regression can be found in McCullagh and Nelder (1989).

Logistic regression offers the advantage of simultaneously estimating the probabilities m(x) and 1 — m(x) of class
membership and classifying data sets with low-dimensional predictors. That is, for a sample with input %, the predicted
class label is given by

I{i(x) > 5},

where I (-) is an indicator function. On the other hand, we notice that the Hessian matrix in the preceding Newton—Raphson
algorithmis a (p + 1) x (p 4 1) matrix. For high-dimensional data with dimension p 4 1 greater than the sample size
n, the Hessian matrix will not have full rank. In that case, logistic regression will fail to produce reliable regression
estimates and classification outputs.

2.2. Support vector machine

We briefly review the standard (linear) SVM for binary classification. Suppose that we have a training set of samples
(1, Y])s - » (X, yi), where y = —1 or 1 depends on whether its class label is O or 1. Set

f(x)=bo+x"b,
where b = (b, ..., b p)T, and define a hyperplane by {x : f(x) = 0}. A classification rule induced by f(x) is
sign{ f(x)} or sign(by + x'b).

The SVM determines the classification rule by finding an optimal separating hyperplane. There are two cases, called
separable and non-separable, respectively, that need to be addressed for the estimation of by and b.

First, consider the separable case. Naively, the idea of maximizing the margin can be captured in the optimization
problem

c 2.3
bo.b 2.3)
st. yibo+x'b)>C, i=1,...,n. (2.4)

However, there is no finite solution for (2.3). Without any constraint, any af (x), where a > 0, will be a classification
rule and a will push C in (2.3) toward infinity.

One way to fix this problem is to add a normalizing constraint, ||b|> = 1 where ||b|>» = {25;1 |bj|2}1/2, and to
consider

c 25
ho.b )

bl =1,
st {yi*(bo+xin)2C, i=1,....n. (2.6)
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Fig. 1. Illustration of support vector machine for binary classification in the separable case.

More conveniently, the constraints in (2.6) can be substituted by (1/||b||2)y;" (bo + xl.Tb) >C,i=1,...,n. By setting
[Iblla =1/C, (2.5)—(2.6) are equivalent to
: 1 2
5|Ib 2.7
min 5 Ibll3 (2.7)
st. yibo+xib)y=1, i=1,...,n (2.8)

An illustration of the SVM for classifying a data set with two-dimensional predictors is displayed in Fig. 1.

Second, consider the non-separable case. It is noticed that if the data are not separable, there is no feasible solution
for (2.5) since it is not possible to find a positive margin C to separate the data. An alternative is to introduce the slack
variables {¢;}!"_, to (2.7)—=(2.8) to penalize the violation of the constraints, and the problem could be formulated as

follows:

1
: 1 2 3
min 5|b =+ - i 2.9
boob. (&) 7 I ”2 2 IE 1 Ci (2.9)

* T _ . >
oL {yi(bo—i—xib)}l &, i=1,...,n, (2.10)

fi>0, i:l,...,}’l,

where 4 > 0 is a tuning parameter. Using the dual theorem (see e.g. Fletcher, 1987, p. 219; Burges, 1998, p. 130; Hastie
et al., 2001, p. 374), the minimization problem (2.9)—(2.10) is equivalent to maximizing the dual problem, i.e.,

max  — %aTHLa +17a (2.11)
o
0<a<<(1/0)1,
s.t. {y*Ta = 0’/ (2.12)
where a = (a1, ..., 0) , 1=(1,.... DLy = Of ..., 0D X = (x1, ..., x,)" and Hy, = diag (y")XX" diag(y*).
Denote by & = (o, . .. o) the resulting minimizer. The minimizers by and b for (2.9)—(2.10) can be obtained by

n
- .
b:E o Vi Xis
i=1

bo = —(x; + %5, b) /2,
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Fig. 2. Plots of 0(x) = —3.5 + 4x| + 3xp in TLR, f(x) = —10.5 + 12x] + 9x2 in SVM, and the zero-plane y = 0.

where (-, -) denotes the inner product and x; and x; could be any support points such that
O0<o <1/4 y'=1, O0<au<l/A yi=-1

Detailed derivations of the above transformations can be found in Hastie et al. (2001), among others. Observe that (2.11)
is a quadratic programming problem with linear constraints, and thus can be solved by standard software. Furthermore,
the constraints in (2.12) could handle both separable and non-separable cases, in which the separable case corresponds
to 4 = 0, namely, the elements of & have no upper bounds. Fuller details on SVM can be found in Vapnik (1996).

One of the major advantages of SVM is its ability to classify high-dimensional data. By maximizing the dual
function in (2.11), only n maximizers {&; }?_, need to be solved. After that, the solutions 30 and b for SVM would be the
linear combinations of these n solutions. In addition, SVM is known for its good performance in binary classification.
Nonetheless, it is noticed that SVM does not directly estimate m (x), despite that m(x) itself is of substantial interest
in a wide array of scientific disciplines. A naive way of estimating m(x) via SVM is

1
1 + exp{—(bo + xTb)}’

which suffers from severe loss of accuracy. See simulation evaluations in Section 5.

(2.13)

2.3. Connection between TLR and SVM

At first sight, the difference between SVM and TLR may arise from the functions f(x) used in SVM and 0(x) used
in TLR. Fig. 2 illustrates the situation where

f(x)=—105+12x; +9x2 and 0(x) = —3.5 + 4x1 + 3x2.

In that case, f(x) and 0(x) are apparently distinct since 0(x)= f (x) /3. However, since {x : f(x)=0}={x: f(x)/3=0},
the hyperplane, {x : f(x) = 0}, formed by SVM and the hyperplane, {x : 0(x) = 0}, formed by TLR are exactly the
same, thus the two approaches yield identical classification outputs. This example indicates that the difference between
fand 0 is not the essential cause for the difference between SVM and TLR in classification.

To gain further insight into the difference, we examine the loss functions of SVM and TLR. Define the hinge loss by

i) =0-2)4, zeR, (2.14)

where x4 =max{x, 0}. In view of SVM, it can be shown that (2.9)—(2.10) is equivalent to the unconstrained optimization
problem

n
~ ~ . A
(bo, b) = arg fin [;:1 PLuly}(bo +%b)} + §||b||%} , (2.15)
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Fig. 3. Comparison of the deviance loss for TLR and the hinge loss for SVM.

in which the criterion function consists of a loss term plus a penalty term. An overview can be found in Burges (1998),
Evgeniou et al. (2000), Wahba (1999) and Hastie et al. (2001).

For TLR, recall that the responses are y; € {0, 1} instead of y* € {—1, 1} in the SVM context. By using the
transformation,

yl*:2yl_1’ i=1,...,n,

it is readily seen from (2.2) that TLR estimates solve the unconstrained optimization problem
n
—~ o~ . ’))
(Bo. ) = arg min [Z Lly By +x B+ 3 IIﬁllﬁ} . 7=0, (2.16)
0P Li=1

which is formed by the deviance loss,
Lp(z) =In{l +exp(—2)}, z€R, (2.17)

and a tuning parameter y = 0. The relationship between the hinge loss and deviance loss can clearly be seen from
Fig. 3. Indeed, the idea of our proposed PsLR is motivated by the difference arising from the loss functions of SVM
and TLR.

3. Pseudo-logistic regression

In this section, we propose a new method called PsLR. The main idea is to replace the deviance loss in the criterion
function (2.16) for TLR by a new loss function, called the “pseudo-quadratic loss”. This loss function is constructed in
a way that intends to better resemble the deviance loss and meanwhile, preserve the piecewise nature of the hinge loss.
Similar to TLR, PsLR will give regression estimates fy, f and 0(x) = f; + xrﬁ\. We expect that 0(x) will mimic the
estimate for 0(x) and can therefore estimate the probabilities of class membership by

1

)=
1 + exp{—0(x0)

3.1
and 1 — m(x). For the purpose of classification, the PSLR classifier is given by sign{lé(x)} or equivalently, sign{m(x) —
1/2}.

3.1. Pseudo-quadratic logistic regression

‘We now describe how to approximate the deviance loss function by a piecewise quadratic function whose first-order
derivative is continuous. By using the Taylor’s expansion, we expand the deviance loss function (2.17) at the point O
and get the approximation

In{l 4+ exp(—z)} =1In(2) — z/2 + 22/8.



458 C. Zhang et al. / Computational Statistics & Data Analysis 52 (2007) 452—470

4 pseudo—quadratic||
— — — deviance
3
2
1
0
-4 -2 0 2 4

Fig. 4. Comparison of the deviance loss for TLR and the pseudo-quadratic loss for PSLR.

We replace the third term on the right side by z?/{161n(2)}, so that the resulting function can smoothly touch the
zero line. The approximate function leads to the pseudo-quadratic loss function

ZLo@@) ={d —d2),}*, zeR, (3.2)

where d; = 4/In(2) = .8326 and d = 1/{4/In(2)} = .3003. (Unless otherwise specified, these canonical values of
(d1, d>) will be used in the paper.) As illustrated in Fig. 4, this loss function, on the one hand, resembles the deviance
loss of TLR very well and, on the other hand, mimics the margin-based hinge loss of SVM. Indeed, the PsSLR method
will share advantages of the margin-based loss functions for classification.

We propose the PsLR estimates to minimize the criterion function

(Bo. B) = arg min [Z Lolyi B+ B} + %IIIHI%} , 3.3)
0P Li=1

where 7, is a positive tuning parameter.
The algorithm for obtaining minimizers in (3.3) is described as follows. We first notice that (3.3) is equivalent to the
following problem:

1 n
: 1 2 2
min Bl +— ) & (3.4)
BBz 2y ; i
dzy;k(ﬁo +XiTﬂ)>d1 —¢&, i=1,...,n,
S {éi>0, i=1,....n. (3.5

See the proof in Appendix A. In this way, we can transform the piecewise quadratic function in (3.3) to two sets of
inequality constraints; handling the two constraints is comparatively easier than handling the piecewise function itself.
By further studying the constraints, we find that the second set of constraints, {£; >0,i = 1, ..., n}, is actually not
needed. See the proof in Appendix B. Hence we further simplify the problem (3.4)—(3.5) to the following:

1 n
: 1 2 2
min SIBIZ +— ) & (3.6)
Po-B.1Ei} 2 2 VZZ-ZI: '
st. dyf(Po+xI P =di — &, i=1,...,n (3.7)

By derivations in Appendix C, the above problem is equivalent to the following dual problem:

max  — za'Hoa+di1'a (3.8)

0<a,
s.t. {y*Ta —o, 3.9
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Table 1
Comparison of SVM and PsLR methods

SVM PsLR

(bo, b) = arg min [Z Lulyi(bo +xb)} + %ané] (Bos B = arg r,pir,; [Z Lolyf (o +x P} + %nﬂn%}
B 0> i=1

i=1

sign(by + xTh) sign(ﬁo + XTE)

b &l st Ly 2| st
bof_fl}‘{ }[ZH \|2+ Z :| s |: Hﬁ”er,, ZC,} s

/fo ﬂ

yt(b0+xb)>1—g, i=1,...,n, ! TRY>S d, — E. P —
{5120 i=1.....n dz),-(ﬂo'f'xiﬁ)/dl G, i=1..., n.
max{— LoTHy o + 1Ta}, st max{—%aTHQa +di1%a}, st
o
0<oc<(1/).)1, 0<a,
yTa=0. yTa=0.
H; = diag(y*)XX diag(y*) Hq = d2 diag(y")XXT diag(y*) + (7,/2)1

where Hg = d22 diag(y*)XXT diag(y*) + (p2/2)L, with I an identity matrix. After obtaining o, the solutions ’ﬁ\ and //}0
in (3.3) can be calculated as follows:

B=dry @yixi, (3.10)
i=l1
Bo=yidr —8j7,/2)/dy — (5. B). G.11)

where the index j is chosen so that o; > 0. By utilizing dual representation, the algorithm for (3.3) is significantly
simplified. More importantly, for high-dimensional data, we only need to optimize an objective function with respect
to an n x 1 vector a, other than a p x 1 vector f. Therefore, this algorithm enables the PsLR method to efficiently
handle large p small n data.

In the above formulation, there is a tuning parameter y,. It can be selected by cross-validation. Recall that in TLR,
the corresponding tuning parameter in the criterion function (2.16) equals zero. This observation gives us a hint that
for PsLR, a small value of 7, may suffice. From the simulation studies, for ordinary sample sizes, we find that the
classification performance can hardly be influenced by the choice of this parameter, since we have already set a
“constraint” that the fit for 0(x) be linear. The tuning parameter will play a more significant role if we extend the
space for 0(x) to a much wider space like a kernel space and employ this tuning parameter to control the modelling
complexity. The advantage of allowing a non-zero y, in the penalty term here is to prevent the so-called monotone
likelihood problem (Firth, 1993). It is well known that, when the binary data are separable, the likelihood function for
TLR will be a monotone function and the fit of the parameters will diverge to infinity. By adding this penalized term,
we can avoid such a problem and still produce a solution to PsLR.

3.2. Comparison between PsLR and other algorithms

We first compare PsLR with SVM. In SVM, a Hessian matrix, Hy, appears in its dual problem (2.11). When n > p,
H; is semi-positive definite, i.e., a matrix not having full rank. As pointed out by Burges and Crisp (2000), the solutions
of the corresponding quadratic programming algorithms are not unique. A numerical way to ameliorate this problem
is to substitute Hy, by Hy + 10~ !°I. Alternatively, a decomposition technique can be used (see Osuna et al., 1997 for
details).

Interestingly, for PSLR, the associated Hessian matrix, Hq in (3.8), is always positive definite, and thus a unique
solution will automatically be ensured. From our simulation, when 7 is large and p is small, the PsLR solution converges
faster and is computationally stabler than that of SVM. For the sake of clarity, Table 1 compares the major features of
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Table 2
Comparison of TLR, PsLR and PeLR methods

Criterion (2.16) TLR PsLR PeLR

Loss <z D & Q < D

Tuning parameter 0 >0 >0

Solution when n < p N.A. Exact; Approximate, non-unique;
using dual form using transformation

SVM and PsLR in terms of the corresponding un-constrained optimization problem, classifier, constrained optimization
problem, dual problem, and Hessian matrix.

Compared with the TLR method, the proposed PsLR method can very easily be applied to both regression and
classification for high-dimensional data. In addition, the new method is computationally efficient and stable. When the
data are separable, TLR will suffer from the monotone likelihood problem. In contrast, our method overcomes this
problem.

We notice that PeLR for high-dimensional classification was considered by Eilers et al. (2001), but with quite
different motivations. PeLR uses the criterion function identical to (2.16) of TLR and sets y > 0, whereas TLR sets
7 = 0. The solutions to the nonlinear penalized likelihood equations of PeLR were obtained by first approximating
m(x) by its first-order Taylor expansion, then forming systems of linear estimating equations, and finally developing
transformation methods to reduce the size of the systems. Our simulation experiments indicate that for n > p, the PeLR
and PsLR deliver very similar regression estimates, whereas for n < p, the PSLR method is computationally more stable
than the PeLR method. This is mainly due to the fact that when n < p, the size-reduced coefficient matrix in PeLR is
semi-positive definite (but not positive definite), thus no unique solution is ensured. For a fair comparison, numerical
results in Sections 5—6 using PeLR will be reported only for the case n> p. As a summary, Table 2 compares TLR,
PsLR and PeLR methods.

3.3. Why scaling in PsSLR? Difference between regression and classification

We make some remarks on the choices of d; and d> in the pseudo-quadratic loss. First, it is true that Zq (z) is
proport10na1 to {(1 —dor/dy z)Jr}2 Second, by reparametrizations, the solutions in (3.3) can be rewritten as ﬂo =d/d> [30
and ﬁ =d| /dzﬂ , where

Bo. B = arg ﬁrgi; [;m — VEBE+ TP+ ”22 d; ”,;*”2}

It should be emphasized that different values of the scaling multiplier, d;/d>, do not affect much the classification
outcomes, since from the “classification perspective”,

sign(By + =" B) = sign(B; + xB7).

Nonetheless, different values of d/d; indeed cause an essential difference in regression estimates of the class mem-
bership probabilities, since from the “regression viewpoint”,

1 1
1+ exp{—(Bo + xTP)} a 1+ exp{—(By + ¥}

See Theorem 1 for some additional insight and Section 5 for numerical evidence.

Third, because the main focus of our paper is to develop the PSLR approach which “simultaneously” carries out
regression and classification for high-dimensional data, special cares need to be taken for d; and d>. The method we
propose in Section 3.1 for determining canonical values of (d;, d2) has a more natural interpretation: they are chosen
to better approximate the deviance loss, namely, to enhance accuracy of regression estimates, a goal that is absent from
the SVM classifier.
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4. Bias correction for PSLR estimates

In this section, we study a bias correction procedure for PsLR in finite-sample situations to achieve more efficient
estimates of the class membership probabilities m(x) and 1 — m(x).

We first present a nice property of the pseudo-quadratic loss function. See Appendix D for the proof. The result will
be helpful for finding the bias expression more explicitly.

Theorem 1. Assume that conditional on X = x, Y ~ Bernoulli(m(x)). Define Y* = 2Y — 1. For constants dy >0
and dr > 0 in (3.2) for the pseudo-quadratic loss function Lq, the minimizer of E[Lq{Y*g(X)}] with respect to a
measurable function g such that E{g*(X)} < oo is given by

ge(x) =dy/dr{2m(x) — 1}

and thus gp is a Bayes optimal rule.

Remark 1. In Theorem 1, if the pseudo-quadratic loss £ of PsLR is replaced by the hinge loss £’y of SVM, then
similar arguments will show that the corresponding minimizer is sign{2m(x) — 1}.

We now investigate the bias of 71(x) arising from the PsLR estimation. Let 0(x) = ff, + xrﬁ, where f, and f are
the minimizers of the criterion function (3.3), which is equivalent to

1 - * T P2 a2
- ;gq{yi (Bo+xi B) + 5B

The first term above is asymptotically consistent to E[.Lo{Y* () + xT B)}] as the sample size tends to infinity, whereas
the second term in our implementation has a negligible effect as compared to the first term. From Theorem 1, we
anticipate that under the assumption (2.1),

° ﬁ(x) will mimic the estimate for gg(x), and consequently,
e 771(x), as defined in (3.1), will mimic the estimate for 1/[1 + exp{—gg(%)}].

This leads to the approximate asymptotic bias of 7 (x) in the form

. |
Ablastm )} = T b emeo — 11~ "

which is plotted in Fig. 5. The magnitude of the approximate asymptotic bias is conceivably small.

0.5

Abias {m(x)}
o

0 0.2 0.4 0.6 0.8 1
m(x)

Fig. 5. The approximate asymptotic bias of 72(x) in PsLR versus m(x).
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Table 3
Regression estimates of (f, f;. f,) for the simulated data
EX True PsLR TLR SVM PsLR PeLLR
d; = .8326 di=1
dr, =.3003 dy =1
1 -3.5 —3.5520 (.5105) —3.6103 (.7070) —2.9649 (.4774) —1.3555 (.2069) —3.3332 (.6012)
4.0 4.1099 (.6862) 4.1215 (.8538) 3.5085 (.6022) 1.5654 (.2707) 3.8145 (.7407)
3.0 3.0086 (.7597) 3.1139 (.8639) 2.4312 (.7515) 1.1510 (.2972) 2.8653 (.7619)
I —3.5 —3.1293 (.5779) —3.7753 (.8712) —2.6066 (.6333) —1.2124 (.2647) —3.4268 (.6328)
4.0 3.5434 (.5676) 4.2817 (.9125) 2.9404 (.6535) 1.3731 (.2712) 3.8850 (.6319)
3.0 2.6625 (.4545) 3.2126 (.7025) 2.2136 (.5000) 1.0311 (.2104) 2.9169 (.5059)

Motivated from Theorem 1, we propose the finite-sample bias corrected estimate

0 if 0(x) < — dy /da,
me(x) = 1 m(x) — Abias{m(x)} if |0(x0)|<d1/d>,
1 if Q(X) > dl/dg.

The proposed bias correction method will be illustrated with the Leukemia data in Section 6.2.1.
5. Simulation study

To evaluate the performance of PsLR (using canonical values d; =.8326 and d, =.3003) in estimating the regression
coefficients, we conduct the simulation study.

We consider the Bernoulli response variable Y which, conditional on X = (X, X )T, has the canonical parameter
given in (2.1), where the true values of the parameters are

Po=-35 Pi=4 Ppy=3
Two types of design variables are considered:

Example I: X; ~U(0,1), X, ~U(0,1), X isindependentof X»;
Example II: X| ~ N(.5,1), X»> ~ N(5,1), X isindependent of X5.

To facilitate comparison, the SVM estimates, the PsLR estimates using d; = 1 and d» = 1, and the PeLLR estimates are
included. For PsLR, as we have explained before, y, in the criterion function (3.3) can be selected by cross-validation,
but for a linear form of 0(x), the choice of y, will be less important. Thus, we adopt y, = .1 throughout simulation
studies in the paper. For SVM, as in Section 6.1.2, 2 = .01 is used throughout. For PeLR, the tuning parameter is the
same as y,.

We generate 200 random samples {(x;, y;)!_,} of size n = 150 from the distribution of (X, Y). The estimates of
(Bo» b1, Po) are summarize/t\i in Table 3, where the numbers in the brackets are standard deviations of the estimates from
200 runs. The boxplots of f8;, — f, k =0, 1,2, are also displayed in Fig. 6.

The simulation results demonstrate the following features. First, the estimates from PsLR (using canonical values of
(d1, d>)), TLR and PeLR are comparable, whereas the estimates via SVM and PsLR using alternative scaling of dy /d>
are much more biased. This lends support to the suitable choice of the scaling multiplier. Second, the PsLR and PeLR
estimates have smaller variances than those of TLR estimates. This is mainly due to the presence of Ly-penalty terms on
regression coefficients in PsLR and PeLR, and the absence of such penalization in TLR. Indeed, for high-dimensional
data, suitably incorporating the penalty makes the PsLR estimates stabler and algorithm convergence faster than those

of TLR.

6. Real data analysis

In this section, we apply PsLR to six sets of real data to assess the regression estimates (in two sets) and the
classification performance (in five sets). We adopt the following procedure to evaluate the classification performance
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Fig. 6. Boxplots of By — fo. By — B1.and By — B, (from left to right in each panel) by TLR, PSLR with canonical values (d,, d) = (.8326, .3003),
SVM, PsLR with alternative values (d;, d) = (1, 1), and PeLR. The top panel is for the uniform design and the bottom panel is for the normal
design.

for data according to their diversity and size.

e (Type 1) If the data set has already been splitted into training and test sets, we simply train the classifier on the
training set and evaluate it on the test set. This type of data includes the Leukemia data. For other types, we use
the following ways of random splitting.

e (Type 2) If the sample size of the data set is medium or large, i.e., at least 100, we use the 10-fold cross-validation
method to evaluate. Lim et al. (2000) used the same procedure to compare 33 data sets. We describe the procedure
as follows which are extracted from their paper:

o The data set is randomly divided into 10 disjoint subsets, each containing approximately the same number of
records. Sampling is stratified by the class labels to ensure that subset class proportions are roughly the same
as those in the whole data set.

o For each subset, a classifier is constructed using the records not in it. The classifier is then tested on the
withheld subset to obtain a cross-validation estimate of its error rate.

o The 10 cross-validation estimates of error rate are averaged to provide an estimate for the classifier constructed
from all data.

This type of data includes the Pima Indians Diabetes data and Wisconsin Breast Cancer data.

e (Type 3) If the sample size of the data set is small, i.e., fewer than 100, we randomly split the data and use one
part for training and the other part for testing. This type of data includes the Breast Cancer Gene Expression data
and Colon data. We replicate this random splitting 100 times and calculate the average misclassification number
from these 100 runs. This method is widely used in gene classification (see Ding and Gentleman, 2005) and other
classification contexts (see Shen et al., 2003). Shen et al. (2003) chose the ratio 1:1 for splitting the training and
test sets. Ding and Gentleman (2005) chose the ratio 2:1 for training and test sets. Since the Breast Cancer data
here has fewer samples than they used, we choose the ratio 7:3 to guarantee a reasonable number of samples from
each group.
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Table 4
Regression estimates for Minnesota Storm data

Variable PsLR TLR PeLR
Intercept —9.2188 —9.5621 (.7499) —9.4559
log, (D) 2.1352 2.2164 (.2079) 2.1989
S 4.2714 4.5086 (.5159) 4.3889
Table 5

Regression estimates for Pima Indians Diabetes data

Variable PsLR TLR PeLR
Intercept —8.4955 —8.4047 (.7166) —8.4003
Pregnant 1248 1232 (.0321) 1231
Plasma glucose .0361 .0352 (.0037) .0352
Diastolic blood pressure —.0132 —.0133 (.0052) —.0133
Triceps skin fold thickness .0006 .0006 (.0069) .0006
2-h serum insulin —.0012 —.0012 (.0009) —.0012
Body mass index .0880 .0897 (.0151) .0897
Diabetes pedigree function .8944 9452 (.2991) .9368
Age 0151 .0149 (.0093) .0149

6.1. Small p large n data

6.1.1. Minnesota Storm data

We first consider the data set described and analyzed in Weisberg (2005, p. 251) by TLR. (The website http://www.stat.
umn.edu/alr/data.html links the data set, blowBF.txt.) A storm on July 4, 1999 with winds exceeding 90 miles per hour
hit the boundary waters canoe area wilderness in northeastern Minnesota, causing serious damage to the forest. Roy
Rich studied the effects of this storm using a very extensive ground survey of the area. One goal of this study is to
determine the dependence of survival on species, size of the tree and the local severity.

We use PsLR to analyze this data set. We use 659 Balsam Fir trees, with the response variable Y coded as 1 for trees
that were blown down and died and O for trees that survived, versus the predictor log, (D), the base-two logarithm of
the diameter of the tree, and a severity variable S. Table 4 compares the PSLR estimates with TLR and PeLR estimates.
The numbers in the brackets are standard errors from TLR. From Table 4, we can see that estimates using three methods
are comparable. The estimates from PsLR seem to be more shrinking in magnitude.

6.1.2. Pima indians diabetes data

This data file, donated by Vincent Sigillito, Johns Hopkins University, is downloadable from ftp://ftp.ics.uci.edu/pub/
machine-learning-databases/pima-indians-diabetes/. The data set has 768 samples and eight covariates. The goal of
the study was to establish a relationship between the eight measurements collected and whether or not the woman has
diabetes (see Smith et al., 1988). Both regression and classification approaches can be used to analyze this data.

First, we estimate the regression coefficients. Table 5 details the estimates from TLR, PsLR and PeLLR. The results
lend further support for the closeness between the PSLR, TLR and PeLR estimates.

Second, we compare the classification performance of our method with SVM and PeLR. Since the sample size of
this data set is medium, the 10-fold cross-validation is used to evaluate the performance. We randomly divide 768
samples into 10 disjoint sets, in which nine sets have 77 samples and one set has 75 samples. It is noticed that directly
implementing the SVM algorithm will get a non-full rank Hessian matrix. To fix this problem, we download the Matlab
code for SVM from http://www.isis.ecs.soton.ac.uk/resources/svminfo/. The version is SVM7-22 provided by Steve
Gunn. Throughout the paper, we use the tuning parameter A = .01 for SVM, which is selected from [1073, 10] to
achieve the best result for SVM. The results are summarized in Table 6. For this data set, the PSLR and PeLR methods
provide more accurate classification results than SVM. Interestingly, Lim et al. (2000, p. 215) analyzed the same data set
using the same 10-fold cross-validation to evaluate 33 classification methods. They reported that those 33 classification
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Table 6
Classification of Pima Indians Diabetes data

PsLR SVM PeLR
Average misclassification rate 22937 .23063 22677
Table 7
Classification of Wisconsin Breast Cancer data

PsLR SVM PeLR
Average misclassification rate .0325 .0369 .0371
Table 8
Classification of Leukemia data
PsLR SVM

Experiment 1 1 3
Experiment 2 0 0

methods have error rates ranging from .22 to .31 on this data set. Therefore, the PSLR method can be regarded as one
of the most accurate classifiers for this data set based on the 10-fold cross-validation evaluation.

6.1.3. Wisconsin breast cancer data

The Wisconsin Breast Cancer data set, collected at University of Wisconsin Hospitals, concerns visually assessed
nuclear features of fine-needle aspirates taken from patients’ breasts. There are 699 samples in which 16 samples contain
missing values. This leads to 683 samples in our data analysis. For each sample, there are nine diagnostic characteristics
with each component being in the interval 1-10 where 1 corresponds to a normal state and 10 corresponds to a most
abnormal state. The task is to decide whether a sample is benign or malignant. The data set was described in Wolberg and
Mangasarian (1990) and can be downloaded from http://www.ics.uci.edu/~mlearn/databases/breast-cancer-wisconsin/.
Wolberg and Mangasarian’s original work applied the multisurface method to a 369-case subset of the database, resulting
in testing error rates more than 6%.

We compare the classification performance of PsLR with SVM and PeLR using the 10-fold cross-validation, where
nine subsets have 69 samples and one has 62 samples. From the results listed in Table 7, we observe that PsLR method
has lower misclassification rates than SVM and PeLR. Lim et al. (2000, p. 215) reported that for this data set, those 33
classification methods have error rates from .03 to .09. Based on their results, our method belongs to the best classifiers
for this data set based on the 10-fold cross-validation evaluation.

6.2. Large p small n data

6.2.1. Leukemia data

The data set, downloadable from http://www.broad.mit.edu/cgi-bin/cancer/datasets.cgi, is composed of training and
test sets. The training set consists of 38 leukemia patients of which 11 suffer from acute myeloid leukemia (AML) and
27 from acute lymphoblastic leukemia (ALL). The test set consists of 34 patients of which 14 suffer from AML and
20 from ALL. The number of gene expression levels is 7129. A primary issue is to separate the AML samples from
the ALL samples. Golub et al. (1999) used “neighborhood analysis” method to select the genes and “weighted vote”
method to do the classification. They found that predictors based on between 10 and 200 genes were all found to be
100% accurate.

We conduct two experiments for this data set. In the first experiment, we use the training set to evaluate the performance
on the test set. The results are shown in Table 8. Particularly, the PSLR method has one misclassified sample, whereas
SVM has three misclassified samples. Zhu and Hastie (2004, p. 434) analyzed the same data set by using SVM with
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Table 9
Classification of Breast Cancer Gene Expression data

PsLR SVM
Average misclassification number 2.19 2.21
Table 10
Classification of Colon data

PsLR SVM
Average misclassification number 4.08 4.16

two different gene selection methods. They reported that SVM had one and three misclassified samples by different
gene selection methods. Without screening out noisy genes, our method on this data set possesses the same accuracy as
those methods using gene screening. The second experiment is to combine the training set and test set for classification.
Table 8 reveals that all methods have zero misclassification on the combined data set.

In the two experiments above, we use the entire 7129 genes for classification. We would like to remark here that
screening methods are often used before the classification. Properly eliminating some noisy genes can increase the
prediction accuracy, but eliminating genes before building a model may overlook some important predictors and the
relationship between predictors. Some of the traditional methods need to do the screening first, because those methods
either could not directly handle high-dimensional variables or those methods will become computationally intensive.
See Dudoit et al. (2002) for details. Using all of the genes will allow us to obtain a “global” view of all genes and help
direct further study. Hence an algorithm which can handle all genes simultaneously is desirable.

Moreover, we use the 38 training samples to obtain the PsLR estimate of the probability that the misclassified sample
(in Table 8) in the test set belongs to ALL. The estimated probability is .4660. For this data set, neither TLR nor SVM
can estimate the probability. The PsLR method seems to be more flexible than both SVM and TLR.

6.2.2. Breast cancer gene expression data

The data set can be retrieved from http://data.cgt.duke.edu/west.php. In this data set, there are 49 samples with
7129 genes, in which 25 samples are with ER+ and 24 samples are with ER—. West et al. (2001) developed Bayesian
regression models to analyze this data set. They found five misclassified samples based on the ER status.

We randomly split this data set and use 70% of data (34 out of 49) for the training set and the other 30% of data (15
out of 49) for the test set. We apply SVM and PsLR to the training set and calculate the number of misclassification on
the test set. We repeat the random splitting 100 times and calculate the average misclassification number. The results
are summarized in Table 9. For this data set, the PSLR method has higher classification accuracy than SVM.

6.2.3. Colon data

The classification of colon cancer is discussed in Alon et al. (1999) and can be downloaded from http://microarray.
princeton.edu/oncology/affydata/index.html. In this data set, there are 62 samples and 2000 genes, in which 22 samples
are from normal colon tissues and 40 samples are from tumor tissues. Alon et al. (1999) used two-way clustering and
were able to cluster 19 normal and five tumor samples into one group and 35 tumor and three normal tissues into the
other group.

We compare SVM and PsLR for this data set. We randomly split this data set and use 70% of data (43 out of 62) for
the training set and the other 30% of data (19 out of 62) for the test set. We calculate the misclassification number on the
test data set. We repeat the random splitting 100 times and calculate the average misclassification number. The results
summarized in Table 10 continues to provide evidence that the PsLR classifier outperforms the SVM counterpart.
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7. Discussion

There is a diverse and extensive literature addressing classification methods. See Zhang and Fu (2006) for discussion
of some issues. In this paper, we aim to develop a new method which could simultaneously perform reliable regression
and conduct effective classification for high-dimensional binary data. In contrast, neither SVM alone nor TLR alone
could achieve both goals simultaneously. Our research thus will benefit the statistical analysis of high dimension low
sample size data. This is particularly attractive to the statistical analysis of microarray data.

A number of extensions could be further made. First, loss functions other than the pseudo-quadratic loss could
be used to approximate the deviance loss. Second, the current paper focuses on the parametric linear form of 6(x);
it would be interesting to investigate whether non-parametric forms of 6(x) could gain more flexibilities over those
overly restrictive forms. Third, the L,-penalty Zle ﬁ? in (3.3) for the PSLR method could be replaced by the L,-
penalty, ’;:1 B j |9 where g > 0, or other alternatives. Fourth, for high-dimensional data, identifying a small subset of
significant input variables is one useful way of achieving dimension reduction. From a formulation viewpoint, variable
selection, sample classification, and probability estimation aim at non-overlapping targets. Examining whether and to
what extent the estimates of the class label probabilities will be improved, following the variable selection procedure as
in L1 SVM (Bradley and Mangasarian, 1998) and SCAD SVM (Zhang et al., 2006), is a non-trivial but an interesting
investigation. We intend to systematically explore these issues in future work.
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Appendix A. Equivalence between (3.3) and (3.4)-(3.5)

To facilitate the discussion, we will establish the equivalence in the more general set-up: for k£ > 0, the optimization
problems

M min [Z[max{l — Vi (Bo+x B, 0N + p(,;)]
0

i=1

and

Bo.B.AC:)

{ min Y&+ P(B)
an :
s.t. & > max{l — y;"(/io + xiTﬁ), 0}, i=1,...,n

are equivalent, where P (p) is a function of f. The PsLR corresponds to k = 2.
To show the equivalence, we first note that (I) can be rewritten as

min Y7 &+ P(B)
@®: {bob
sit. & =max{l — y*(f, —i—xiTﬁ), 0}, i=1,...,n.
Since the two optimization problems have a common objective function and the constraints in (I) are contained in (II),
we only need to show that the minimizers of (II) fulfill the constraints in (I).

Suppose that (78\0, /ﬁ, 21 , .., &) are the minimizers of (II). It follows that &; > max{1—y/ (ﬁo +xl.T/[§), 0},i=1,...,n.
Then we conclude that (), ) must be the minimizers of (I). To verify this, it suffices to show that in (II), the inequalities
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must be equalities

& =max{1 =y (Bo + %] B), 0}
foralli =1, ..., n. Otherwise, there exist ip € {1, ..., n} and C;, > 0, such that

&y =max{1 =y} (By + x5, B), 0} + Ciy.

Then Zi() — C;j, satisfies the constraint in (II) for io Clearly, (ﬁo,/ﬁ\, 21, e ,’g’\io,] ,/g:,»() - C,-O,/g;,-oJr], e ,zn) gives a
smaller value of the objective function in (II) than (ﬁo, [f 51, ..., &,) does. This is a contradiction to the assumption

on (ﬁo, ﬁ fl, .. f ). The proof is thus completed.

Appendix B. Equivalence between (3.4)—(3.5) and (3.6)-(3.7)

We observe that the two optimization problems have a common objective function, and that the constraints (3.5) are
contained in (3.7). It sufﬁces to show that the minimizers of (3.6)—(3.7) satisfy the constramts in (3.5).
Suppose that (BO, [3 51, .. f,,) are the minimizers of (3.6)—(3.7). It follows that f — dry! (Bo + x%; Tp),i=

1, ..., n.Weconclude that (EO, B, é Is-- Cn) must be the minimizers of (3.4)—(3.5). To show thlS we only need to show
.f, 2 O i=1,...,n.Otherwise, there exists 10 e {1, ..., n}, such that «f,o < 0 and therefore 0 > d — dpy} o By +x; ﬁ)

It is easy to see that (ﬁo, ﬂ él . élo 1 0, é,OH . Z,,) also satisfy (3.7), but clearly achieves a smaller value of the

objective function than (ﬁo, B ST é,,) does. This leads to a contradiction to the assumption on (ﬁo, ﬁ é Lree- ,E,,).
The proof is completed.

Appendix C. Derivation of the algorithm for PsLR

Now we consider the minimization problem (3.6)—(3.7). By adding the Lagrange multipliers, the Lagrange primal
function can be written as

1

Lro =11l + Z &g - Z oi{day} (Bo + % B) —di + &, (A.1)
i=1

where o; >0,i =1, ..., n. By setting the partial derivatives of Lp » with respect to f, ff,, and ¢; to zeros, we have that

n
B=dr Y oiyi=i, (A2)

i=1

n

Y wyi =0, (A.3)
Ei=wivy/2, i=1,...,n. (A4)

Substituting (A.2)—(A.4) to (A.1), we obtain the Wolfe dual function

n
max dlzrxl—dz/ZZZ% ;yly] (xi, % .il_l’zz“iz/‘l
i=1

i=1 j=1
=0, i=1,...,n,
s.t. {l,,/ .
Zizlociyizo.

By using the matrix notations, the above formula can be written as (3.8)—(3.9).
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The problem becomes a quadratic programming problem with linear constraints which can be solved by ordinary
software. After obtaining @, (A.2) can be used to calculate B in (3.10).
By the KKT conditions, we know that the optimal solutions should satisfy the following equations:

i {doyi (Bo + %1 B) —di + &} =0

fori =1,...,n.So f can be estimated from it. Choose an index j such that o; > 0. We obtain (3.11). The proof is
finished.

Appendix D. Proof of Theorem 1

Note that E[Lo{Y*g(X)}] = E(E[Zo{Y*g(X)}|X]). To minimize E[.Z¢{Y*g(X)}], we only need to minimize for
each fixed x, the function &'(g) = E[Z{Y*g}|X = x] with respect to g. Simple calculations give that
&(g) = E[{max(0, d| — d2Y*g)}?|X = x]
= dim(x)[max{0, 1 — (da/d1)g}]* + di {1 — m(x)}[max{0, 1 + (d2/d1) g}’

dim(x){l — (da/dy)g)?, if g<—di/ds,
= dimeoll - (dr/d)g)? + dH{1 — m)M1 + (do/d)g}?,  if |g|<di/da, (A.5)
dH1 —mE)HL + (do/d1)g)?, if g>d/d>.

By a graphical approach, it is easy to see that the minimizer of &(g) must be located in the interval [—d} /d>, d1/d>].
Denote by &1(g) the function dim(x){1 — (d2/d1)g}* + dH{1 — m(x)}{1 + (d2/d1)g}? in (A.5). Note that &1(g) is a
quadratic function in g and thus achieves its global minimum at gg = d;/d>{2m(x) — 1}. Since |2m(x) — 1| <1, the
minimizer gg of &1 (g) falls in the interval [—d /d>, d1 /d>]. Henceforth, we deduce that gp is also the global minimizer
of £(g).

The proof is completed by noticing that sign{gp(x)} = sign{m(x) — %}.
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