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Abstract. We describe a method for solving large-scale semiparametric
support vector machines (SVMs) for regression problems. Most of the
approaches proposed to date for large-scale SVMs cannot accommodate
the multiple equality constraints that appear in semiparametric prob-
lems. Our approach uses a decomposition framework, with a primal-dual
algorithm to find an approximate saddle point for the min-max formu-
lation of each subproblem. We compare our method with algorithms
previously proposed for semiparametric SVMs, and show that it scales
well as the number of training examples grows.
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1 Introduction

Support Vector Machines (SVMs) are the most widely used nonparametric meth-
ods in machine learning, which aims to find a function that performs well in
classifying or fitting given data. The power of SVM lies in the fact that it does
not require the user to define the class of functions from which the observations
might have been generated. In a sense, this is also a weakness, in that prior
knowledge of the function class is often available for use. Semiparametric SVM
formulations introduce parametric components into the model of the classify-
ing / regression function, alongside the nonparametric contribution. The basis
functions in the parametric part of the model can be chosen to embed prior
knowledge and can be used for analyzing the effects of certain covariates, thus
giving semiparametric SVM the potential advantages of both parametric and
nonparametric methods.

Despite the benefits, semiparametric models have not drawn much attention
from the machine learning community, possibly in part because the optimization
problems arising from semiparametric SVMs are harder to solve than those gen-
erated by standard SVMs. This paper describes an efficient approach for finding
solutions to large-scale semiparametric SVM problems. We focus on the formula-
tion of semiparametric SVM regression first introduced in [I], which gives rise to
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a dual problem which is a convex quadratic program (QP) with several equality
constraints as well as bound constraints.

To motivate our description of solvers for semiparametric SVMs, we discuss
first the state of the art for solvers that tackle the standard SVM dual formula-
tion, which is

1
min 2XTQX +p'x st. ylx=0, 0<x<(C1, (1)

where x, y, and 1 := (1,1,...,1) are column vectors of length n. Many effec-
tive algorithms for this problem solve a sequence of subproblems, each of which
updates some subvector of x while leaving the remaining elements unchanged.
These algorithms can be categorized into two distinct groups. In the first group,
the subvector is very short, typically containing just two components. Since the
subproblem can be solved analytically for such a small number of variables, no
numerical solver is needed. The subproblems are inexpensive, but many itera-
tions are usually needed to reach a solution with acceptable quality. Sequential
Minimal Optimization (SMO) [2] and its variants such as LIBSVM [3] fall into
this category. In the second group of solvers, the subvectors are longer, requiring
the subproblems to be solved with a QP solver that exploits the structure of the
application. Although we face the burden of designing an efficient, robust QP
solver, methods in the second group often show faster convergence than those
in the first group. Successful instances of methods in the second group include
SVM'“""[4] and GPDT [5l6]. The QP solvers used in the second group can be
applied to the full problem, thus solving it in one “outer” iteration, though this
approach is not usually effective for large data sets.

In general, the methods in both groups discussed above are specialized to han-
dle the single equality constraint in ([l along with the bound constraints. The
analytic subproblem solution in SMO can be acquired only when the subprob-
lem has up to one (or two in case of the modified SMO [7]) equality constraint.
The subproblem selection algorithm of SVMUight strongly depends upon the ex-
istence of a single equality constraint; the same is true of GPDT, which uses a
projection algorithm from [§]. Semiparametric SVMs, however, require solution
of the following generalization of ({):

1
min F(x) := 2XTQX +p’'x st. Ax=0b, 0 <x < (1, (2)

where A € R¥*™ and b € R®, where K > 1 is the number of parametric
basis functions that we wish to include in the model. For semiparametric SVM
regression, Smola, Frief}; and Schélkopf [I] proposed to apply a primal-dual in-
terior point method based on the code LOQO. The size of problems that can be
handled is thus limited by the need to perform a full evaluation of the matrix Q
and the need for repeated factorizations of matrices of about this size. (The ap-
proach could however be used as the inner loop of a decomposition method in the
second group discussed above.) Kienzle and Scholkopf [9] suggested a Minimal
Primal Dual (MPD) algorithm. This algorithm use a variant of the method of
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multipliers to formulate a sequence of convex quadratic programs of dimension
n with bound constraints only (no equalities), which are solved by a method
that selects a single component for updating at each iteration. (In this sense, it
is akin to the methods in the first group described above.) We give further de-
tails on MPD as we introduce our methods below. This approach does not scale
well as the size n of the problem grows, but its performance can be improved
by embedding it in a decomposition framework, as described below. We include
both MPD and its decomposition variants in our computational tests of Sect. Bl

In this paper, we propose an approach that is related to MPD but that differs
in several ways. First, it is a primal-dual approach; we alternate between steps in
a subvector of x and steps in the Lagrange multipliers for the constraints Ax = b.
Second, subvectors of x with more than 1 element are allowed. Third, two-metric
gradient projection techniques are used in taking steps in the x components.
Throughout, we take account of the fact that m» may be very large, that Q
cannot practically be computed and stored in its entirety, and that operations
involving even modest-sized submatrices of @ are expensive.

We compare our approach computationally with MPD as stand-alone solvers,
and also in a decomposition framework.

The remainder of the paper is structured as follows. In the next section, we
define the semiparametric SVM regression problem and show that its dual has
the form (@2)). Section [ outlines the decomposition framework, while Sect. @l
describes the primal-dual method that we propose for solving the subproblems
that arise from decomposition. Section [l presents some computational results.

2 Semiparametric SVM Regression

We consider a regression problem for data {(¢;,vy;) f‘il where t; € RY are
feature vectors and y; € IR are outcomes. We wish to find a function h that
minimizes e-insensitive loss function £(h;t,y) := max{0, |y — h(t)| — €}, while
maximizing the margin as in [10]. Following [1l9], we formulate the semipara-
metric SVM regression problem as follows:

M
I r
min w w+C i+ & 3a
min > (e+e) (3a)

K
st yi— (w,o(t:) — Y Bj(t:) <e+&  fori=1,....,M (3b)
j=1

K
(w,$(t:)) + D> Bjbi(t) —ys <e+&  fori=1,...,M (3
j=1

£20,¢>0. (3d)

where ¢ is a feature mapping function which defines a positive semidefinite kernel
K(ti, t5) = (o(ti), d(t;)), for all i,5 € {1,..., M}, while {1);}/<, are the basis
functions for the parametric part of the model function. The model function is
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defined as an extended linear model of parametric and nonparametric parts, that

is, h(t) = (w,¢(t)) + Yio; B4 (t). We typically have K < M. If K =1 and

11 is a constant function, we recover the standard SVM regression problem.
The Wolfe-dual of (@) has the form (2), where

x = [5*} e IR*M for the dual vectors a and a* of [BH) and (3d), resp.,

P=le—Yi,..e—Ym,e+yi,...,e+yu) € R
Qij:{yiy,n(ti,tj) i 1<ij < M,or M4 1<ij<2M
—yiyjk(tit;) otherwise
b=0 ,

and

Ui(ty) - () —va(ta) - —va(tar)
A ¢2(.t1) W(,tM) —¢%(t1) —a(tr) C QKM

(1) - i (bar) —br(br) - —xe(bar)

Introducing i as the Lagrange multipliers for the constraints Ax = b in ([2)), the
Karush-Kuhn-Tucker (KKT) optimality conditions for (), stated here for later
reference, are as follows:

(@x+p+ ATTI)Z- >0 ifx; =0 (4a)
(@x+p+ ATn)i <0 ifx; =C (4b)
(Qx+p+ATn), =0 if x; € (0,C) (4c)
Ax=b (4d)
0<x<C1 . (4e)

If the kernel function & is positive semidefinite, the Hessian matrix @ of (@) is
also positive semidefinite, by definition. Therefore the objective function F'(-) of
@) is convex, and as we only have linear constraints, the dual objective of (2
is a concave function in terms of the dual variable 1. Therefore the primal-dual
pair (x,n) satisfying the conditions in (@) is the saddle point of (2l). Moreover,
1 agrees with B in (B]) since 1 is the double dual variable of 3 (refer [11] for
details.) As our primal-dual solver discussed in Sect. @l provides the optimal value
of m, there is no need to compute 3 separately.

3 Decomposition Framework

In this section we outline the decomposition strategy, giving details of two key
aspects.
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3.1 Subproblem Definition

The convex quadratic program (2]) becomes harder to solve as the number of
variables n := 2M grows (where M is the number of data points), as the Hessian
Q in () is dense and poorly conditioned for typical choices of the kernel function
k. The decomposition framework can alleviate these difficulties by working with
asubset xg, B C {1,2,...,n} of the variables at a time, fixing the other variables
xnv, N ={1,2,...,n}\ B at their current values. We usually choose the number
of elements np in B to be much smaller than n. By partitioning the data objects
p, A, and Q in the obvious way, we obtain the following subproblem at outer
iteration k:

;XgQBBXB + (QsnxN + pB) x5 (5)

s.t.  Apxp = —ANva + b, 0<x5<C1,

min  f(xp) =

where x}“\/ contains the current values of the A/ components. This problem has
the same form as (2)); we discuss solution methods in Sect. d

Since our emphasis in this paper is computational, we leave a convergence
theory for this decomposition framework for future work. Suffice for the present
to make a few remarks. If B is chosen so that the columns of Ag corresponding
to components of xp that are away from their bounds in (@) form a full-row-
rank matrix, and if appropriate two-sided projections of Qgp are positive defi-
nite, then (5] has a primal-dual solution (xj,n*) that corresponds to a solution
(x*,n*) = (x5, X3, ") of @), when x}, = x},. Perturbation results can be used
to derive a local convergence theory, and it may be possible to derive a global
theory from appropriate generalizations of the results in [12].

3.2 Working Set Selection

The selection of working set B at each outer iteration is inspired by the approach
of Joachims [4], later improved by Serafini and Zanni [6]. The size of the working
set is fixed at some value ng, of which up to n. are allowed to be “fresh” indices
while the remainder are carried over from the current working set. Given the
current primal-dual iterate (x**1, n**1), we find the indices corresponding to
the nonzero components d; obtained from the following problem:

mgn (VF(x"1) + (nk'H)TA)T d

0<d; <1 if xF1 =0,
-1<d; <0 if xkH =,
s.t. (6)
-1<d; <1 if x¥1 e (0,0),

#{di|d; # 0} < nc.

Note that the objective function of (@) is a linearization of the Lagrangian func-
tion of F at the current primal-dual pair (x*+!, n**1). Our approach is moti-
vated by the KKT conditions (@), and indeed can be solved by simply sorting
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the violations of these conditions. It contrasts with previous methods [4U6J12], in
which the equality constraints are enforced explicitly in the working set selection
subproblem. Our approach has no requirements on the size of n., yet it is still
effective when n*t1 is close to the optimal value n*.

Earlier analysis of decomposition algorithms based on working set selection
schemes has been performed by Lin [I3], who shows linear convergence for the
case of a single constraint, under positive definiteness assumptions on Q. Tseng
and Yun [I2] proposed a decomposition framework for a formulation similar
to @) that includes multiple equality constraints. They present a convergence
analysis which assumes that the subproblems at each step of decomposition are
solved exactly, although they do not discuss techniques for solving the subprob-
lem. Their working set selection algorithm requires relatively high complexity
(O(K3n?)) in general, compared with the O(n log n) complexity of our approach.

The (up to) n. new components from (@) are augmented to a total of np
entries by adding indices from the previous working set B according to a certain
priority. We choose the indices of the off-bounds components (0 < X§+1 < C)
first, and then those of lower and upper bounds. We reduce n. as the change
between two consecutive working sets decreases, as in [6]. We observe that adap-
tive reduction of n. provides better convergence of the Lagrange multiplier n*,
and helps avoid zigzagging between two working sets without making further
progress. Adaptive reduction also helps not to degrade the benefit of optimizing
many new components in a single decomposition step.

Our decomposition framework is summarized in Algorithm [I

Algorithm 1. Decomposition Framework

1. Initialization. Choose an initial point x* of (@) (possibly infeasible), initial guess
of the Lagrange multiplier n', positive integers ny > K and 0 < n. < ngp, and
convergence tolerance tolD. Choose an initial working set I3 and set k «— 1.

2. Subproblem. Solve the subproblem () for the current working set B, to obtain
sc;gl_lﬁcion X%ii tollgether with Lagrange multiplier nkH of the equality constraints. Set
X = (XB ) X./\f)'

3. Gradient Update. Evaluate the gradient of the Lagrangian of (), by incrementally
updating VF', as indicated here:

VEGS ) 4 )74 = VPG + | 5 ] )+ ()7

4. Convergence Check. If the maximal violation of the KKT conditions (@) falls
below to1D, terminate with the primal-dual solution (x**1 n**1).

5. Working Set Update. Find a new working set B as described in Sect.
6. Set k — k+ 1 and go to step 2.
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4 Subproblem Solver

Recalling that the decomposition framework requires both a primal solution xz
and Lagrange multipliers n to be obtained for the subproblem (&), we consider
the following min-max formulation of (Bl):

i L
max min, (xB,Mm) , (7)

where @ = {x € R"#|0 < x < (1} and
L(xp,n) = f(x5) + 1" (Axs + Anxf) -

In this section we describe a primal-dual approach for solving (@), in which
steps are taken in xg and 7 in an alternating fashion. Scalings that include
second-order information are applied to both primal and dual steps. We call the
approach PDSG (for “Primal-Dual Scaled Gradient”).

Our approach can be viewed as an extreme variant of the method of multi-
pliers [I4], in which we do not attempt to minimize the augmented Lagrangian
between updates of the Lagrange multiplier estimates, but rather take a single
step along a partial, scaled, and projected gradient direction in the primal space.
In describing the general form of each iteration, we use superscripts £ to denote
iteration counts, bearing in mind that they refer to the inner iterations of the
decomposition framework (and hence are distinct from the superscripts k of the
previous section, which denote outer iterations).

X+ s(xf, ) (50)
nt ' +txgtn") (8b)

where s(-,-) and t(-,-) are steps, defined below. In computational testing,
we found PDSG to be superior to methods more like traditional method-of-
multiplier approaches, which would take multiple steps in xp in between succes-
sive steps in 7.

Primal Step. In the ¢-th iteration of the subproblem solver, we choose a small
sub-working set W’ C B containing at most nyy elements (where nyy is a user-
defined parameter), containing those indices in B that are among the nyy, most-
violated KKT conditions (Zal)-([d) for the subproblem (Bl). We define the further
subset W* by selecting those indices i € W* that are not at one of their bounds
0 and C. We then construct the block-diagonal ng x ng matrix H*, as follows:

Qij + 705 if i € W¥ and j € W*

. Qii if i = j and i € WO\ W* (©)
Y 00 if i = j and i ¢ W*
0 otherwise,

where 0;; = 1 if ¢ = j and 0 otherwise, while 7 is a small positive parameter (we
use 7 = 1078) chosen to ensure that the “block” part of H* is numerically non-
singular. Since we apply the inverse of this matrix to the gradient in computing
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the step, the components of the matrix-vector product that correspond to the
oo entries will evaluate to zero. Specifically, we obtain the search direction as
follows:

d’ = x5 —Pq (ng - (He)il Vx5L<X%vne)) (10)

where Pq(-) is a projection operator to the set €2, which is trivial to compute
since this set is defined by simple bounds. This is essentially the two-metric
gradient projection search direction [15] applied to the subvector defined by W¥*.
Given this direction, the primal step s from (8al) is defined to be

s(xp,m") = aud’ (11)

where ay € IR is the unconstrained minimizer of L(-,7°) along the line segment
connecting xj to xg + d’.

Dual Update. The step in the dual variable 1 is a Newton-like step in the dual
objective function for (@l), which is

g(n) = min L(xg,n).

This is a piecewise quadratic concave function. Since its second derivative does
not exist, we cannot take a true Newton step. However, we use a slight modifica-
tion of the procedure in Kienzle and Schélkopf [9] to form a diagonal approxima-
tion G to this matrix. Their procedure progressively updates G by applying one
step of Gauss-Jacobi-like procedure at each iteration of the MPD optimization
scheme. Unlike MPD, our modification estimates G both internally and exter-
nally to the optimization loop. The external estimation ensures us to have an
approximation with a certain quality before performing any dual updates. We
refer the reader to [9] for additional details. The dual step ¢ in (8B) is thus
simply

t(xgt,n) = -GV, L(xg™, nY). (12)

Our subproblem algorithm is summarized in Algorithm

Algorithm 2. Subproblem solver: PDSG

1. Initialization. Given a index set B, choose initial points x5 and n'. Choose ny
such that 1 < nyy < np. Choose small positive convergence tolerance tolS. Set £ «— 1.

2. Sub-Working Set Selection. Construct W* (with at most nyy elements) and W*
as described above.

3. Primal-Dual Update. Take the primal step according to (8a) and (), then the
dual step according to (8h) and ([I2)).

4. Convergence Check. If the maximal KKT violation of the current primal-dual
pair (X?l, 7**1) is less than tolS, exit. Otherwise, go to step 2.
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5 Experiments

We report on computational experiments that show the intrinsic benefits of the
PDSG approach, as well as the benefits of the decomposition strategy, when ap-
plied to a simple semiparametric SVM regression problem. We compare PDSG
with the MPD algorithm of Kienzle and Scholkopf [9], which has slightly better
performance and lower memory requirement than the interior-point-based ap-
proach used in [I]. We also show the advantage of semiparametric modeling on
a real world problem.

Implementations. We implemented both the decomposition framework (Algo-
rithm [I) and the PDSG subproblem solver (Algorithm [2]) in C++. The code was
developed by modifying the GPDT code of Serafini, Zanghirati, and Zanni [5,
and retains many features of this code. Our code caches once-computed kernel
entries for reuse, with the least-recently-used (LRU) replacement strategy. For
efficiency, our subproblem solver exploits warm starting; the most recent val-
ues of the primal and dual variables are used as the starting points in the next
invocation of the subproblem solver. We also implemented the MPD solver [9]
in C++, again basing the implementation on GPDT. Our codes can be invoked
either with the decomposition framework, or in “stand-alone” mode, in which
the solver is applied directly to the stated problem.

5.1 Toy Problem

For the semiparametric regression test problem, we choose the modified Mexican
hat function studied in [19]:

w(t) = sin(t) 4 sinc (27 (t — 5))

To generate data, we sample the function w at uniform random points ¢; € IR
in the interval [0,10], making M samples in total. The observations y;’s are
corrupted with additive Gaussian noise ¢; with mean 0 and standard deviation
0.2, that is, y; = w(t;) + . In the training process, we use Gaussian kernel
k(z,y) = exp(—v||z — y||?) with v = 0.25, and set the insensitivity width e of
the loss function to e = 0.05, as in [I]. The optimal tradeoff parameter value of
C = 0.5 is found by 10-fold cross validation (CV) in [I] using very small samples
(M = 50). Since we are interested in the convergence behavior of algorithms
with larger samples, we performed computational experiments with C' = 0.1,
C =1, and C = 10. Our model is h(t) = (w, ¢(t)) + Zj{zl Bjv;(t), with two
basis functions 11 (t) = sin(t) and 2(t) = sinc (2w (t — 5)) as in [9].

The size of the sample dataset M is varied from 500 to 100000. The subprob-
lem size ng and the maximum number of new components in each subproblem n.
are fixed to 500 and 100, respectively, as these values gave good performance on
the largest data set. Similarly, we fix the sub-working set size nyy to 2. (We tried

! GPDT is available at http://mloss.org/software/view/54/
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1)

Total cputime in seconds (C:

= D:PDSG C=0.1
= = =DPDSG C=1.0
‘== D:PDSG C=10
= MPD C=0.1
r - = =MPD C=1.0
= = =MPD - - MPDC=10

10 10° 10° 10° 10 10°
Training size M Training size M

Fig. 1. Left plot shows total runtimes using solvers PDSG and MPD in stand-alone
mode and inside of the decomposition framework (D:PDSG and D:MPD) with C' = 1.
Right plot shows the total runtimes of D:PDSG (our proposed method) and MPD with
different C' values. For larger number of training examples M, updating of the full
gradient in Step 3 of Algorithm [Il dominates the computation, blurring the distinction
between PDSG and MPD as subproblem solvers (left plot). D:PDSG outperforms MPD
for all C values tried (right plot). Stand-alone algorithms are run only for training-set
size up to 10000 because of their high computational cost.

various other values between 1 and 25, but 2 was slightly better than several
alternatives.) In each setting, we use a kernel cache of 400MB in size.

Growth of the total runtime of the algorithms with increasing size of the data
set is shown in Fig.[Il When the decomposition framework is used, the stopping
threshold values are set to tolD = 0.001 and tolS = 0.0005. In stand-alone
settings, we set tolS = 0.001. We impose a slightly tighter threshold on sub-
problem solvers inside the decomposition framework to reduce the number of
decomposition steps. Outer iterations in the decomposition framework become
more costly as the number of variables increases, mainly because the full gra-
dient update in Step 3 of Algorithm [I] becomes more expensive. The benefit of
using decomposition framework becomes larger as the dataset size grows. For
instance, D:PDSG is about 100 times faster than MPD when M = 10000. In de-
composition settings, using PDSG as the inner solver found the solution two to
three times faster than using MPD as the inner solver on average. Our proposed
method D:PDSG shows quite stable scaling behavior for different values of C.

Convergence and Complezity. The different convergence behavior of PDSG and
MPD is illustrated in Fig.[2l Here both solvers are asked to solve a semiparamet-
ric regression problem discussed above with 1000 samples, in stand-alone mode.
In the top and middle plots, the dual and primal infeasibility, respectively, are
more rapidly reduced with PDSG than with MPD. (Note that since we project
the iterates x* to the bound constraints set, the KKT condition (@d) is always
satisfied.) The bottom plot of Fig. [2 shows the changes of the first Lagrange
multiplier (the coefficient of the first basis function). In that, MPD is showing
the typical behavior of the method of multipliers: sudden changes are made,
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Fig. 2. Convergence of PDSG and MPD in stand-alone mode (Mexican hat, dataset
size M=1000). PDSG requires about 2 seconds to reach convergence, whereas MPD
takes about 14 seconds. (Top) maximum violation of the dual feasibility conditions
(#a), {@D), @d). (Middle) maximum violation of the primal equality constraints (Ed)).
(Bottom) convergence of the first Lagrange multiplier to its optimal value of 1. The
horizontal axis represents elapsed CPU time.

but time gaps between such changes are rather large. In contrast, PDSG keeps
making changes to the multiplier, resulting in a faster approach to the optimal
value.

When the sub-working-set size nyy is smaller than the working-set size ng of
the subproblem (@), PDSG has computational complexity O(Kng), the same as
MPD, where K is the number of equality constraints in (2]). Dual updates in
Algorithm 2 requires O(K ng) operations; all primal updates are done in O(ng).
The effect of increasing K on the total time taken by D:PDSG is shown in Fig.[3
We use the basis functions

cos(jmt) j=0,2.4,...
Vi) =9 . " -
sin(jmt) j=1,3,5,...

and datasets of size M = 1000 randomly sampled from the Mexican hat function.
Other settings are the same as the previous experiment. As expected, we observe
linear scaling of total runtime with K.

5.2 Milan Respiratory Illness Dataset

We consider a dataset from the study on the effect of air pollution on respiratory
illness in Milan, Italy, during 198089 [16]. This dataset consists of daily records
of environmental conditions and the number of deaths due to respiratory diseases

2 Available at http://www.uow.edu.au/~mwand/webspr/data.html
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Total cputime in seconds
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Number of equality constraints K

Fig. 3. Total solution time for D:PDSG with increasing number of equality constraints
K. Measurements are averaged over 10 repetitions with different random datasets
(M=1000) sampled from the Mexican hat function, and error bars (hardly visible)
show the standard deviations. The time complexity of D:PDSG is O(uKng) where u
is the number of outer iterations. Solver time appears to increase linearly with K.

(total 3652 records, 9 features). All features are scaled linearly to the range [0, 1].
We construct a test set by holding out 20% of randomly chosen records from the
dataset, using the remaining records for training.

We hypothesize a simple semiparametric model to predict the number of res-
piratory deaths, inspired by [16]:

hSp(t) = <w7 ¢(t)> + 61 (ttemp) + /32(t502) + /BS(ttemp)Q + /64(t502)2 +B5 .

where the features tiemp and tgo, correspond to mean temperature and SO»
level of the day, respectively. Our purpose is to study how those two elements
affect the respiratory illness.

We fit our semiparametric model to the training data, and compare its pre-
diction performance on the test set to that of a nonparametric model

hnp (t) = (w, ¢(t)) + B1 -

With Gaussian kernel (y = 25.0) and e-insensitive loss function (¢ = 0.01), we
perform 10-fold CV on the training set to determine the best balancing parame-
ter C for each of semiparametric and nonparametric models independently.

The results are shown in Table[[l The semiparametric model attained smaller
prediction error on the test set than the nonparametric model, indicating that the
embedding of prior knowledge in A, while retaining the power of nonparametric
approaches is beneficial. Moreover, the parametric components in the trained
semiparametric model

hep(t) = (w*, B(t)) —0.30(tremp ) +0.26(s0, ) +0.22(tremp)> —0.07(ts0,)> +0.22 .
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Table 1. Nonparametric and semiparametric regression on Milan dataset. The loss
penalty parameter C' is determined by cross validation. Comparing the prediction per-
formance on the test set by mean square error (MSE) values, the semiparametric model
performed better than the nonparametric model by 2.8%. No significant difference of
the number of support vectors (SVs) was found between the two methods.

Model C  Fraction of SVs Training Time (s) Test Error (MSE)
Nonparametric (hnp) 0.025 46.7% 1.17 0.019368
Semiparametric (hsp) 0.01 46.9% 5.35 0.018828

reveal that (i) deaths are lower in the middle of the temperature range, and (ii)
there is an almost linear increase of death rate with SO5 level. These results
broadly agree with the outcomes of [16], which were acquired from completely
different statistical analysis techniques. It is difficult to perform model interpre-
tation of this type with nonparametric approaches.

6 Conclusions

We have presented a new method for semiparametric SVM regression problems,
which extends a number of previous approaches in being able to handle multiple
equality constraints. Our method combines a decomposition framework with
a primal-dual scaled gradient solver for the subproblems. Computational tests
indicate that the approach improves on previously proposed methods.

Future work includes reducing the cost of the full gradient update by using
a randomized sampling procedure for the components of the gradient, as has
been tried in a different context in [I7]. While the concept is simple, it is not
straightforward to implement this technique in conjunction with caching of ker-
nel entries, which is so important to efficient implementation of SVM solvers
based on QP formulations. Other research topics include devising a more ef-
fective update strategy for the dual variables 7 in the subproblem solver, and
theoretical analyses both of the decomposition framework (including the working
set selection technique) and the subproblem solver.

Acknowledgements

The authors acknowledge the support of NSF Grants CCF-0430504, DMS-
0427689, CNS-0540147, and DMS-0914524. The first author was supported in
part by Samsung Scholarship from the Samsung Foundation of Culture.

References

1. Smola, A.J., Frie3, T.T., Scholkopf, B.: Semiparametric support vector and linear
programming machines. In: Advances in Neural Information Processing Systems
11, pp. 585-591. MIT Press, Cambridge (1999)



14

10.

11.

12.

13.

14.

15.

16.

17.

S. Lee and S.J. Wright

Platt, J.C.: Fast training of support vector machines using sequential minimal
optimization. In: Scholkopf, B., Burges, C., Smola, A. (eds.) Advances in Kernel
Methods - Support Vector Learning, pp. 185-208. MIT Press, Cambridge (1999)
Chang, C.C., Lin, C.J.: LIBSVM: a library for support vector machines (April
2009) version 2.89, http://www.csie.ntu.edu.tw/~cjlin/libsvm

. Joachims, T.: Making large-scale support vector machine learning practical. In:

Scholkopf, B., Burges, C., Smola, A. (eds.) Advances in Kernel Methods - Support
Vector Learning, pp. 169-184. MIT Press, Cambridge (1999)

Serafini, T., Zanghirati, G., Zanni, L.: Gradient projection methods for large
quadratic programs and applications in training support vector machines. Opti-
mization Methods and Software 20(2-3), 353-378 (2004)

Serafini, T., Zanni, L.: On the working set selection in gradient projection-based
decomposition techniques for support vector machines. Optimization Methods and
Software 20, 583-596 (2005)

Keerthi, S.S., Gilbert, E.G.: Convergence of a generalized smo algorithm for svm
classifier design. Machine Learning 46(1-3), 351-360 (2002)

Dai, Y.H., Fletcher, R.: New algorithms for singly linearly constrained quadratic
programs subject to lower and upper bounds. Mathematical Programming, Series
A 106, 403-421 (2006)

Kienzle, W., Schélkopf, B.: Training support vector machines with multiple equality
constraints. In: Gama, J., Camacho, R., Brazdil, P.B., Jorge, A.M., Torgo, L. (eds.)
ECML 2005. LNCS (LNAI), vol. 3720, pp. 182-193. Springer, Heidelberg (2005)
Boser, B.E., Guyon, I.M., Vapnik, V.N.: A training algorithm for optimal margin
classifiers. In: COLT 1992: Proceedings of the fifth annual workshop on Computa-
tional learning theory, pp. 144-152. ACM, New York (1992)

Scholkopf, B., Smola, A.J.: Learning with Kernels: Support Vector Machines, Reg-
ularization, Optimization, and Beyond. MIT Press, Cambridge (2001)

Tseng, P., Yun, S.: A coordinate gradient descent method for linearly constrained
smooth optimization and support vector machines training. Published online in
Computational Optimization and Applications (October 2008)

Lin, C.J.: Linear convergence of a decomposition method for support vector ma-
chines. Technical report, Department of Computer Science and Information Engi-
neering, National Taiwan University (2001)

Bertsekas, D.P.: Nonlinear Programming, 2nd edn. Athena Scientific, Belmont
(1999)

Gafni, E.M., Bertsekas, D.P.: Two-metric projection methods for constrained op-
timization. SIAM Journal on Control and Optimization 22, 936-964 (1984)
Vigotti, M.A., Rossi, G., Bisanti, L., Zanobetti, A., Schwartz, J.: Short term effects
of urban air pollution on respiratory health in Milan, Italy, 1980-1989. Journal of
Epidemiology Community Health 50, s71-s75 (1996)

Shi, W., Wahba, G., Wright, S.J., Lee, K., Klein, R., Klein, B.: LASSO-
Patternsearch algorithm with application to opthalmology data. Statistics and its
Interface 1, 137-153 (2008)


http://www.csie.ntu.edu.tw/~cjlin/libsvm

	Decomposition Algorithms for Training Large-Scale Semiparametric Support Vector Machines
	Introduction
	Semiparametric SVM Regression
	Decomposition Framework
	Subproblem Definition
	Working Set Selection

	Subproblem Solver
	Experiments
	Toy Problem
	Milan Respiratory Illness Dataset

	Conclusions



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




