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ABSTRACT Based on the recently proposed projection twin support vector machine (PTSVM) and least
squares projection twin support vector machine (LSPTSVM), in this paper, we propose a weighted linear
loss projection twin support vector machine, namely WLPTSVM for short. By introducing the weighted
linear loss function, the proposed WLPTSVM not only solves systems of linear equations with lower
computational cost but also obtains comparable classification accuracy. In addition, it is able to dispose
of large scale classification problems efficiently without any extra external optimizers. The experiments
conducted on synthetic and several benchmark datasets illustrate the effectiveness of our WLPTSVM.

INDEX TERMS Pattern classification, twin support vector machine, projection twin support vector machine,

weighted linear loss function.

I. INTRODUCTION

Traditional support vector machine (SVM) is an excellent
kernel-based method for pattern classification and regres-
sion [1], [2], which has already been successfully applied
to a variety of real-world problems such as image classi-
fication [3], bioinformatics [4] and text categorization [5].
However, the training stage involves solving a quadratic
programming problem (QPP) with high computational com-
plexity O(m?), where m is the total size of training sam-
ples. This drawback restricts the application of SVM in
large-scale problems. On the one hand, many efficient algo-
rithms such as Chunking [2], SMO [6], LIBSVM [7],
PSVM [8] and LS-SVM [9] have been proposed to improve
the training speed. Recently, on the other hand, multiple
surface support vector machines such as twin support vector
machine (TWSVM) [10] and projection twin support vec-
tor machine (PTSVM) [11], as an extension direction of
SVM, have been studied extensively. In 2006, Mangasarian
and Wild [12] proposed generalized eigenvalue proximal
support vector machine (GEPSVM), which aims at seek-
ing two nonparallel proximal hyperplanes such that each
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hyperplane is closer to one of two classes and as far as
possible from the other. In the spirit of GEPSVM, in 2007,
Jayadeva et al. [10] proposed another nonparallel hyper-
plane classifier for pattern classification, namely twin sup-
port vector machine (TWSVM). It seeks two nonparallel
hyperplanes by resolving two smaller and related SVM-type
problems. From then on, many variants of TWSVM are
proposed, such as least square TWSVM (LSTSVM) [13],
twin bounded support vector machine (TBSVM) [14], twin
parametric-margin SVM (TPMSVM) [15], robust TWSVM
(RTSVM) [16], nonparallel SVM (NPSVM) [17], L2P-norm
distance TWSVM [18], angle-based TWSVM [19] and fuzzy
TWSVM (FTSVM) [20]. The more recent extensions and
developments in TWSVMs have been discussed in [21], [22].
Meanwhile, in order to avoid solving the QPPs in TWSVM,
Ye et al. proposed the multi-weight vector projection sup-
port vector machine (MVSVM) [23] based on GEPSVM,
which seeks one weight vector instead of a hyperplane
for each class. The weight vectors of MVSVM can be
found by solving a pair of eigenvalue problems. Inspired
by MVSVM and TWSVM, in 2011, Chen et al. proposed
the projection twin support vector machine (PTSVM) [11],
which aims at seeking two projection directions by solv-
ing a pair of SVM-type problems rather than eigenvalue

2169-3536 © 2019 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 7, 2019

Personal use is also permitted, but republication/redistribution requires IEEE permission.

57349

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-2678-4179
https://orcid.org/0000-0002-8282-223X

IEEE Access

S. Chen et al.: Weighted Linear Loss PTSVM for Pattern Classification

problems. From then on, various improved algorithms based
on PTSVM are proposed [24]-[34], e.g. RPTSVM [24],
LSPTSVM [25], [26], IPTSVM [27], LIWLSPTSVM [28],
PNPSVM [29], NPTSVM [30], PTSVR [31] and other vari-
ants PTSVM algorithms [32]-[34]. Although LSTSVM has
been presented by using the squared loss function instead of
hinge loss function in TWSVM and obtains very fast training
speed since two QPPs are replaced by two systems of linear
equations, but may result in the reduction of classification
ability and the characteristic of constructing two nonparallel
hyperplanes may be weakened [35]. In order to mitigate this
problem, Shao et al. [36] proposed a twin-type support vector
machine with weighted linear loss function, called weighted
linear loss twin support vector machine (WLTSVM), which
achieved the comparable classification accuracy but with less
computational time.

Based on the above analysis and inspired by WLTSVM,
in this paper, we propose a novel projection twin support
vector machine with weighted linear loss function for pat-
tern classification, termed as WLPTS VM. Howeyver, different
from WLTSVM, the linear version of WLPTSVM aims at
seeking a projection direction instead of a hyperplane for
each class by solving a system of linear equations, which
inherits the main idea of PTSVM. Different from PTSVM,
in the linear version of our WLPTSVM, a weighted linear
loss function is introduced. Specifically, our WLPTSVM has
the following advantages: First, different from TWSVM and
PTSVM, weighted linear loss function is utilized to replace
the hinge loss function leading to solve two systems of lin-
ear equations that are much simpler than that of TWSVM
and PTSVM, where two QPPs are solved. Second, different
from LSPTSVM, weighted linear loss function is used to
replace quadratic loss function, improving the classification
accuracy of LSPTSVM. Third, different from PTSVM and
LSPTSVM, nonlinear version of our WLPTSVM is also pre-
sented, which is missing in original PTSVM and LSPTSVM.
At last, the systems of linear equations in our WLPTSVM
are solved efficiently by utilizing the well-known conjugate
gradient (CG) algorithm [37] such that our WLPTSVM can
deal with large-scale classification problems without any
extra external optimizers. Then, comparing to the existing
algorithms, e.g. TWSVM [10], PTSVM [11], RPTSVM [24],
LSPTSVM [25] and WLTSVM [36], some experimental
results on synthetic and benchmark datasets illustrate the
effectiveness of our WLPTSVM.

The rest of this paper is organized as follows. In Section II,
a brief review of PTSVM, LSPTSVM and WLTSVM are
given. Section III proposes linear and nonlinear version of our
WLPTSVM, respectively. And the experimental results on
both synthetic datasets and real-world benchmark datasets are
reported in Section IV. Last, Section V gives the conclusion.

Il. RELATED WORKS

Let us consider a binary classification problem in the
n-dimensional real space R" and a set of training data samples
is represented by T = {(xj(l),yj)[j =12,--- . m;i=1,21},
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where ' € R" is the Jj-th input belongs to class W; and
yj € {+1, —1} are corresponding outputs. In addition, we set
m = my + my and organize the m; samples of positive class
W1 by a m; x n matrix A € R™>" and the my samples of

negative class W, by a my x n matrix B € R™2>*".

A. PTSVM

The key idea of projection twin support vector machine
(PTSVM) [11] is to find a projection axis for each class,
such that within-class variance of the projected data points
of its own class is minimized meanwhile the projected data
points of the other class scatter away as far as possible.
Thus, the primal problems of linear PTSVM are expressed
as follows.

1T T
IIvlvlll’l §W151W1 +cie &

1

T
mre2eiAwr + 8 > e,

s.t. Bw; — & >0, (1)

nvlvizn %wgSzwz + czelT§1
st —(Awy — s-e1ef Bwy) + & = e, £ 20, (2)

where ¢ > 0 and ¢, > 0 are trade-off parameters, ¢; € R™
and ey € R™ are vectors of ones, & and & are both non-
negative slack variables. S| and S, are within-class variance
matrices defined by

m nmj mj
2 : (1) 1 My, D 1 (1

S = (xi — m—]]; xj )(Xi — m—lj; xj )T 3)
i=1 = =

m my my
2 2 2 2
$:= 207 =g 1 - R @
i=1 J=

It has been shown that when S; and S, are nonsingular or
invertible, the solutions of the primal problems (1) and (2)
are obtained by solving the Wolfe dual problems
mo?x ega — %otT(B — mllezelTA)Sfl(B — %ezelTA)Toz
st.0<a <ciex 5)
myaxe{y — 3T — el B)S; (A — sere] B)y
s.t.0 <y <ce; 6)

where « € R™ and y € R™ are the Lagrangian multipliers.
Therefore, the projection axes are obtained from the solution
o and y in (5) and (6) by

1
wi =S (B— —erel A @)
mj

_ 1
wy = —8; (A - m—zelegB)Ty (8)

After the optimal projection axes are obtained according
to (7) and (8), the training stage of PTSVM is completed.
For testing, the label of a new coming data point x € R" is
assigned to class W;, depending on the distance between the
projection of x and projected class mean which is expressed
as

m,
L O
j=

x € Wj, i = argmin
k=1,2
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The above procedure seeks a single direction for each class to
make the corresponding projected data points well separated.
Meanwhile, it has been extended to find multiple orthogonal
directions to further enhance its performance. The detailed
content can be seen in [11].

B. LSPTSVM

Different from PTSVM, LSPTSVM [25] has been presented
by using the squared loss function instead of the hinge loss
function in PTSVM and by using equality constraints instead

of inequality constrains. Thus, the primal problems of linear
LSPTSVM are expressed as

Hvlviln swlSiwy + $eTe + Sw?
s.t. Bw; — mlleze{Am + & =e3, (10)
n;vin swlSowy + SETE + S$wl
s.t. —(Awy — —eleszz) + & =ey, (11)

where ¢y > 0,2 > 0,¢3 > 0 and ¢4 > 0 are positive trade-
off parameters, e; € R™ and e; € R™ are vectors of ones,
&1 and & are both nonnegative slack variables. S; and S, are
within-class variance matrices defined by (3) and (4).

On substituting the equality constraints into the objective
functions, the formulas become

5|lex — Bwy + —ezeTAw1||2 + W%
(12)

1T 1, T 2

min 5w Sowz + ZFler + Awy — m—2€1€23W2||2 + Sw3

(13)

mm w1 TSiwy + 4

Setting the gradient of (12) with respect to wy to zero
and setting the gradient of (13) with respect to wy to zero,
the following solutions are obtained

Sl 1 r 1 !
wi = +( B+—ezelA) (B+—€2€1A)+ I

1
x(B — —ezelA) e (14)
mi
-1

Sz 1 T 1
wy == (= +(A——elezB) (A——€1€23)+_1
2 my m2
1 T
x(A — —elezB) el (15)
my

After the optimal projection axes are obtained according
to (14) and (15), the training stage of linear LSPTSVM is
completed and then the testing stage is similar to PTSVM.
In addition, the nonlinear version of LSPTSVM was proposed
by Ding and Hua [26]. More detail about LSPTSVM can be
seen in [25], [26].

C. WLTSVM

For a binary classification problem, linear loss TSVM also
seeks two nonparallel hyperplanes. However, different from
TSVM, linear loss TSVM adopts linear loss to estimate the
misclassification loss and adds a modified regularization item
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to minimize the structural risk. The primal problems of linear
loss TSVM are expressed as follows.

. (3 1
min —(|lwi]|*> +b7) + 5 (] &1 + cre362)
wi,by 2 2
s.t. Awy + e by = &1,
Bwi 4+ exby +ex = &‘2, (16)
ml;l Z(wal? +53) + (772 m + cael m)
s.t. Bwy 4+ exby = 1o,
— (Awz + e1by) + €1 =, a7
However, the optimal values of (16) and (17) may be very
small since & and 11 could be negative. In this case, the QPPs
may suffer negative infinity problem. In order to address this
problem, following the notion of rough sets, a weighted linear
loss function with weighted vectors v; and v, is designed.

Then, the primal problems of weighted linear loss TSVM
(WLTSVM) [36] can be written as

. C3 1
min —(|lwi|* +b7) + S (] & + vy &)
wi,bq 2 2
s.t. Awy + e1b) = &1,
Bwi +exbi + e = Ez, (18)
min = S (wal 2 + b2) + (772 m + vl )

s.t. Bwy 4+ exby = 1o,

— (Awz +e1b2) + e = 11, (19)
where vy = (v21, U2, , Uam,)! and vi = (vi1, V12,
, Ulm, )T are calculated by the following formula
1074, if & = J1,
v = lf 521 _ 1 (20)
1, otherwise,
1074, if nu = Ja,
vy = if mi = 2 1)
1, otherwise,

where J1 > 0 and J, > 0 are parameters.
The solutions of (16) and (17) can be obtained by

cawi + c1BTvy + AT (Aw) + e1b1) =0
{CSbl +creb vy + el (Awy +e1b) =0 (22)
{C4W2 + C1ATV1 + BT (Bwy + e2b2) = 0 23)
caby + crel vy + el (Bwy + exbr) =

In general, the training process of linear WLTSVM has
been divided into two stages. In the first stage, WLTSVM will
be initialized with vi = ¢; and v, = e>. Then, we solve (16)
and (17) to obtain & and n; and set J; as the average value of
|&2| and J; as the average value of |n1]. In the second stage,
based on the values calculated by (20) and (21), we obtain the
solutions to (18) and (19), respectively.

Once the solutions of wy, b; and wy, b, are obtained from
(22) and (23), the nonparallel hyperplanes are known. A new
data points x € R" is then assigned to positive class W; or
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negative class W» by

Wwlx +b1| wlx + byl

x € Wi, k = argmin{
[lwil] [lwal]

k=1,2

}o@d

In addition, more detail about WLTSVM can be seen
in [36].

Ill. WEIGHTED LINEAR LOSS PROJECTION TWIN
SUPPORT VECTOR MACHINE

In this section, we present the linear and nonlinear ver-
sion of weighted linear loss projection twin support vector
machine (WLPTSVM) for binary classification, respectively.

A. LINEAR WLPTSVM

For a binary classification problem, similar to WLTSVM [36],
by introducing the linear loss function, the primal problems
of the linear loss projection twin support vector machine are
expressed as

.3 o5 1.g T
min —wy + (551 &1 +crep62)
L7
s.t. Awp — —ere] Awy = &1,
mj
1
er — (Bwy — —€2€{AW1) =&, (25)
mi
.. €4 5 1 T T
min =y + (5772 n2 + caejni)
L7
s.t. Bwy — —eze; Bwy = o,
mp
1
Awy — —elengz +e1 =mn, (26)
my

where ¢; (i = 1,2,3,4) are positive parameters, &1, &2, 11
and 7, are slack variables.

Observing the above formulas (25) and (26), we can find
that the optimal values of empirical risks $£7 & + cjel&
and %nzT ) —i—czelTn 1 may be very small since & and 1 could
be negative. In order to avoid this possible infinity problem
and balance the influence of each point to the projected class
mean, following the notion of rough sets [38], we introduce
the weighted linear loss function with the weighted vectors
v1 and vy, and then present our WLPTSVM formulations as
follows.

C3

1
5 w? + (55{51 + c1vl &)

min
w1
1 T
s.t. Aw) — —eje] Awy = &1,
mj
1
er — (Bwy — —eze] Aw)) = £, 27)
mi
.4 5 1 g T
min —w5 + (= + cov
nin —wy + (5012 + 2 M)
1 T
s.t. Bwp — —eze; Bwy =12,
mp

1
Awy — —ejeb Bwy +e1 =11, (28)
m2
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where v2 = (v21, V22, -+, Uam,)! and v = (ui1, vi2,
<, Ul ) are determined by the following formula
1074, if & > J1,
vy = lf 521 = 1 (29)
1, otherwise,
1074, if ni; > Jo,
v = g = (30)
1, otherwise,

where J1 > 0 and J, > 0 are parameters.

Before solving the problems (27) and (28), we give the
geometric interpretation of the problem (27) + (29) while
the problem (28) + (30) is similar. For (27), the first term
in the objective function is to control the model complexity
for seeking the optimal projection direction w;. The second
term in the objective function is to minimize the empiri-
cal risk, which tries to make the within-class variance of
the projected samples of its own class is minimized, and
meanwhile, the projected samples of the other class scat-
ter away as far as possible. Moreover, the weighted vector
vy is to balance the influence of each point to the pro-
jected class mean. In the training process, the empirical
risk also tries to achieve the desired consistency. There-
fore, from this point of view, the problems (27) and (28)
with (29) and (30) are superior to the corresponding ones in
PTSVM.

The above problems can be solved by the following
approximation algorithm. Consider the problem (27), and
substitute the equality constrains into the objective function.
Thus, we obtain

c 1 1 1
Lwy) = —3W%+ —(Aw1——e¢y elTAwl )T(Aw1 — —elelTAwl)
2 2 mi mi
T 1 T
+civy [ex — (Bwy — m—leze] Aw)]

L 7 1 T 4\T 1 T
Z R A (A — — A
> wi + 2w1 (A lelel ) (. lele1 wi

T 1 T
+c1vy [ea — (B — m—lezelA)Wl], 3D

LetS; = (A—leelelTA)T(A—leelelTA), R = B—mL1e2e1TA,
the formula (31) translates into

c3 1
L(wy) = Ew%+§w{51m +c1vl(ea — Riwy), (32)

Setting the gradient of (32) with respect to wy to be zero,
we can get

oL T
— =S1wi + 3w —ciRjv2 =0, (33)
3W1

Then, the solution to QPP (27) can be obtained from the
systems of linear equation as follows.

(S1 +c3lpwi =c1 - Rl vy, 34
where /] is an identity matrix.
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Consider the problem (28), and substitute the equality
constrains into the objective function. Similarly, we obtain

ca o 1 v r T U1
L(wp) ZEWZ + E(sz — m—€2€2 Bwy)" (Bwy— m—€2€2 Bw»)
2 2

T _ L T
+covg [e1 + (Aws - ere; Buy)]
2

C4 » 1

1 1
T T
= ?W2 + 2w2 (B — o —eze; B) (B — m—2€2€2 B)W2
T 1 T
+covg [er + (A — - e1e) B)w,], (35)
2
Let S, = (B — ;-eelB (B — exlB),

Ry=A— mizeleg B, the formula (35) translates into

1
32 382w + cauf (e1 + Rywn),  (36)
Setting the gradient of (36) with respect to w, to be zero,
we can get
oL

— = Sowy + cawy + 2R vy =0, 37)
own

L(WZ) 5W2 +

Then, the solution to QPP (28) can be obtained from the
systems of linear equation as follows.

(S2 + cal)wa = —c2 - Ry vy, (38)

where I is an identity matrix.

In order to find suitable v, and v; defined in (29) and (30)
and the approximate solutions of problems (27) + (29) and
(28) + (30), a weight-setting method with two steps is con-
structed. Generally speaking, the first step is to solve prob-
lems (25) and (26) with the linear loss function and find
the corresponding & and 7n7. The second step is to calcu-
late v; and v using the obtained & and 71, and then find
the solutions of problems (27) and (28) using the obtained
v and vy, and take these solutions as the approximate
solutions required. Thus, the detailed algorithm is given as
follows.

Algorithm 1 Linear WLPTSVM
Step 1. Given the training input matrices A and B. Set
Ul = eq, Uy = ez, and obtain the solutions w} and wi
of (34) and (38) with the proper penalty parameters c; (i =
1,2, 3,4), respectively.
Step 2. Calculate the slack variables 521 and ni from w} and
wl in (27) and (28), then obtain v and v} from (29) and
(30), where J; = |£) ™" and J, = |n} |,
Step 3. Find the solutions w} and wj of (34) and (38) with
vl1 and U21.
Step 4. Construct the decision as

x € W;, i = argmin

k
wk(x nikz ())
k=1,2 j

j=1

(39)

where | - | is the absolute value.
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B. NONLINEAR WLPTSVM

For nonlinear classification problem, first of all, we define
CT = [AB]" and choose an appropriate kernel function
K, and then the primal problems of nonlinear version of the
weighted linear loss projection twin support vector machine
are expressed as follows.

. €3 9 L 7 T
min —~wi + (551 &1 +c1v;, &)
1
s.t. KA, Cw) — —erel KA, CTwy = g,
m

1
ex — (K(B, CTyw; — m—1€2e]TK(A, ChHwy) = &,

(40)
Loca oo Lo T
min —wj + (5772 n2 + c2uy M)
1
s.t. K(B, CT)wz — —ezegK(B, CT)wz =1,
m
1
K@, Clyw, — m—eleZT KB.CT)wy + e =,
2
41
where vy = (v21, U2, -+, Uam,)! and vi = (vi1, vi2,

, U, )] are determined by (29) and (30).
Similar to the linear case, assuming that J; and J, are
determined, we can obtain the solutions to the problems (40)
and (41) as follows.

(KerSy + c3lpwy = ¢ - M vy, (42)
(KerSy + c4lp))wr = —cp ~M2TU1, (43)

where /1 and I, are identity matrices, and the matrices
KerS1, KerS>, My and M; are defined by

1
KerS) = (K(A, CT) — —ejel K (A, CTY)T .
my
1
(KA, Chy — m—lele{m, chy), (44)

1
KerSy = (K(B,CT) — —exel K(B, CT))T .
my

1
(KB, CT) — —exel K (B, CTY), 45)
mp
1
My = KB, CT) — —erel K(A, CT), (46)
mj
1
My = KA, CT) — —e1efK(B, CT), 47)
mp

Similar to linear WLPTSVM, a weight-setting method
with two steps for nonlinear WLPTSVM is constructed. The
detailed algorithm is given in Algorithm 2 as follows.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In order to evaluate our proposed WLPTSVM, we evalu-
ate its classification accuracy and computational efficiency
on synthetic datasets, UCI datasets [39] and David Musi-
cant’s NDC Data Generator datasets [40]. In our experi-
ments, we focus on the comparison between the proposed
WLPTSVM and several state-of-the-art algorithms, including
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FIGURE 1. Two synthetic datasets. (a) XOR. (b) Complex XOR.
TABLE 1. Classification accuracy on synthetic datasets.
Dataset TWSVM WLTSVM PTSVM RPTSVM LSPTSVM WLPTSVM
atase AccEtstd Acc£Std Acc£Std Acc£Std Acc£Std Acc£Std
XOR 98.92+0. 97 99.25+£0. 47 99. 36 +0. 56 99. 3340. 53 99. 38+0. 44 99. 4240. 69
Complex XOR 90.32+2. 28 96. 73+1. 33 97. 76 +2. 46 97.24+3.81 97.76£2. 12 98.72+0. 68
Algorithm 2 Nonlinear WLPTSVM TABLE 2. The characteristics of benchmark datasets.
Step 1. Given the training input matrices A and B. Set
vl = e, vy = e, and obtain the solutions Wi and Wé Datasets #Samples  #Features Datasets #Samples  #Features
of (42) and (43) with the proper penalty parameters ¢; (i = Australian 690 14 Musk 476 166
1, 2, 3, 4) and kernel function K, respectively. Busa.Li 245 . Pimalndi 268 ¢
. upa-Liver 1maindian
Step 2. Calculate the slack variables 3;‘21 and n} from w} and
w) in (40) and (41), then obtain v{ and v] from (29) and House-Votes 435 16 Sonar 208 60
__ &1 mean — |1 mean
(30), whe're J1 =18 I' af}kd J> —*|’71| : , Heart-c 303 13 Spect 267 44
Step 3. Find the solutions w} and wj of (42) and (43) with
) 11 and Uzl- Heart-Statlog 270 13 Wpbc 198 34
Step 4. Construct the decision as Tonosphere 351 34

xe W, i
— aromin | w” cTy— LS ge® T
= argmin |w; - | K(x,C") — .- ZK(xj ,CHY| ],
k=1,2 =1

(48)

where | - | is the absolute value.

TWSVM [10], PTSVM [11], RPTSVM [24], LSPTSVM [25]
and WLTSVM [36]. All above algorithms are implemented
in MATLAB R2018a on a personal computer (PC) with an
Intel (R) Core (TM) i7-7700CPU(3.60GHz % 8) and 32 GB
random-access memory (RAM). The “Accuracy”’, which is
used to evaluate the performance of the algorithms, defined
as Accuracy = (TP + TN) /(TP + FP + TN + FN), where
TP, TN, FP and FN are the number of true positives, true
negatives, false positives and false negatives, respectively.
The QPPs in TWSVM, PTSVM and RPTSVM are solved
by the optimization toolbox QP in MATLAB, while the
systems of linear equations in LSPTSVM, WLTSVM and
our WLPTSVM are solved by Hestenes-Stiefel conjugate
gradient (CG) algorithm [37]. In addition, the positive penalty
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parameters c; and kernel wide parameter o of Gaussian ker-
nel function K(x,y) = e~ Ik=1P/20% i ) algorithms are
selected form the set {2i|i = —8,—7,---,7, 8} by using the
standard 10-fold cross-validation methodology.

A. SYNTHETIC DATASETS

In this subsection, two synthetic datasets, including XOR
and complex XOR datasets have been used to demon-
strate that the proposed WLPTSVM can well solve lin-
early inseparable problems. In experiments, XOR dataset
contains 200 samples (100 positive and 100 negative) and
complex XOR dataset contains 260 samples (100 positive
and 160 negative). Figure 1 illustrates XOR and complex
XOR datasets. Specifically, for XOR and complex XOR
datasets, we have investigated the performance of linear
TWSVM, WLTSVM, PTSVM, RPTSVM, LSPTSVM and
our WLPTSVM. We randomly select 40% for training sets
and 60% for testing sets, each experiment repeat 10 times
and the average results are listed in Table 1. From Table 1,
we can observe that our proposed WLPTSVM obtains the
best performance on XOR and complex XOR datasets.
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TABLE 3. Test results of linear TWSVM, WLTSVM, PTSVM, RPTSVM, LSPTSVM and WLPTSVM.

TWSVM WLTSVM PTSVM RPTSVM LSPTSVM WLPTSVM
Datasets Acct+Std (%) Acct+Std (%) Acct+Std (%) Acct+Std (%) Acc+Std (%) Acc+Std (%)
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
Australian 87.13+0.30 86.12+0.18 86.83+0.43 86.93+0.24 86.30+0.12 87.61+0.31
0.0190 0.0003 0.0195 0.0181 0.0002 0.0004
Bupa-Liver 68.23+0.44 66.41+1.20 67.68+0.90 67.51+0.82 66.08+0.67 67.97+0.65
0.0056 0.0002 0.0062 0.0063 0.0001 0.0002
95.59+0.40 95.124+0.22 95.76+0.35 95.70+0.34 95.74+0.51 95.82+0.24
House-Votes
0.0096 0.0003 0.0088 0.0093 0.0002 0.0003
Heart-c 84.92+0.41 85.09+0.50 85.08+0.48 84.66+0.42 84.53+0.42 85.18+0.55
0.0056 0.0002 0.0051 0.0050 0.0002 0.0002
Heart-Statlog 85.07+0.35 85.52+0.44 85.44+0.43 84.96+0.19 84.85+0.21 86.04+0.35
0.0046 0.0002 0.0044 0.0043 0.0001 0.0002
Tonosphere 92.99+0.44 91.43+0.34 92.30+0.33 90.85+0.70 90.48+0.66 92.59+0.49
0.0064 0.0004 0.0060 0.0065 0.0002 0.0004
Musk 84.35+1.08 84.87+0.47 84.12+0.99 85.83+0.84 85.38+0.69 84.94+0.66
0.0128 0.0022 0.0131 0.0121 0.0020 0.0020
. . 77.22+0.52 76.82+0.35 76.48+0.29 76.67+0.27 76.32+0.20 76.52+0.16
Pimalndian
0.0253 0.0031 0.0236 0.0237 0.0016 0.0030
Sonar 79.76+0.87 80.26+0.64 78.07+0.96 80.40+0.73 80.69+0.86 81.68+1.05
0.0039 0.0004 0.0037 0.0035 0.0004 0.0004
Spect 80.45+0.32 80.52+0.04 80.28+0.38 80.33+0.39 80.18+0.40 80.66+0.34
0.0059 0.0004 0.0059 0.0056 0.0003 0.0004
Wpbe 81.55+0.70 80.71+0.68 80.16+0.81 80.35+0.77 79.74+0.86 80.49+0.81
0.0042 0.0003 0.0038 0.0038 0.0002 0.0003
Average 83.39+0.53 82.99+0.46 82.93+0.58 83.11+0.52 82.75+0.51 83.59+0.51
0.0094 0.0007 0.0091 0.0089 0.0005 0.0005
Average rank 2.9091 3.5455 4.0909 3.7273 4.9091 1.8182

B. UCI DATASETS

In order to further compare our WLPTSVM with TWSVM,
WLTSVM, PTSVM, RPTSVM and LSPTSVMM, we select
11 datasets from UCI machine learning repository [39].
Specifically, they are Australian, Bupa-Liver, House-Votes,
Heart-c, Heart-Statlog, Ionosphere, Musk, Pimalndian,
Sonar, Spect and Wpbc, respectively. The characteristics of
these datasets are shown in Table 2.

Note that, we use the standard 10-fold cross-validation
method to evaluate the performance of six algorithms. That
means the dataset is divided randomly into ten subsets, one of
those sets is reserved as a test set, and the others are regarded
as a training set. This process is repeated ten times, and then
the average of ten testing results is used as the performance
measure. Specifically, the experimental results of their linear
and nonlinear versions are given in Table 3 and Table 4,
respectively. The best accuracy for each dataset is shown in
bold font and the shortest CPU time is shown by underline
for each dataset. In Table 3, we can find that the accuracy
of our linear WLPTSVM is better than that of TWSVM,
WLTSVM, PTSVM, RPTSVM and LSPTSVM on most of
the datasets. Take the Heart-Statlog dataset for example,
the accuracy of our WLPTSVM is 86.04%, while TWSVM is
85.07%, WLTSVM is 85.52%, PTSVM is 85.44%, RPTSVM
is 84.96% and LSPTSVM is 84.85%, respectively. In addi-
tion, experimental results for nonlinear TWSVM, WLTSVM,
PTSVM, RPTSVM, LSPTSVM and our WLPTSVM on
above 11 UCI datasets are listed in Table 4. It is easy to find
that the results in Table 4 are similar to those in Table 3.
Especially for Sonar dataset, the accuracy of our nonlinear
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WLPTSVM obtains 90.43%, which is 1.44% higher than
TWSVM, 0.98% higher than WLTSVM, 1.58% higher than
PTSVM, 0.63% higher than RPTSVM and 2.06% higher
than LSPTSVM, respectively. The average accuracy and CPU
time for each algorithm are also reported in the penultimate
row of Tables 3 and Table 4, which confirm that the proposed
WLPTSVM also obtains the comparable classification accu-
racy with lower computational time.

Moreover, in order to make a statistic comparison on
the effectiveness with the compared algorithms, Friedman
test [41] is carried out. For this test, the average ranks of
the compared algorithms on the selected datasets are listed in
the last row of Table 3 and Table 4. Specifically, we consider
k(= 6) number of compared algorithms and n (= 11) number
of datasets. Let r{ be the rank of the j-th algorithms on the i-th
datasets and assume all algorithms are equivalent under null
hypothesis. Thus, the average rank of the j-th algorithm is
calculated as

|

Ri=—->"rl (49)

=1

The Friedman statistic is defined as
12n k(k 4 1)%

2 2
= — R — —— |, 50
XF =k + 1) ; i 4 (50)

In fact, he Friedman statistic is distributed according
to X% with (k — 1) degrees of freedom, when n and k
are reasonable large. Further, Iman and Davenport [42]
showed that Friedman’s X;% presents a pessimistic behavior.
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TABLE 4. Test results of nonlinear TWSVM, WLTSVM, PTSVM, RPTSVM, LSPTSVM and WLPTSVM.

TWSVM WLTSVM PTSVM RPTSVM LSPTSVM WLPTSVM
Datasets Acct+Std (%) Acc+Std (%) Acc+Std (%) Acct+Std (%) Acc+Std (%) Acc+Std (%)
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
Australian 87.39+0.25 87.25+0.37 87.22+0.29 87.54+0.23 87.58+0.44 87.83+0.35
0.0373 0.0246 0.0484 0.0462 0.0258 0.0251
BupaLi 72.66+0.46 71.86+0.89 72.13+0.74 72.27+0.81 72.46+0.83 72.17+0.93
upa-Liver 0.0098 0.0050 0.0129 0.0114 0.0058 0.0059
House-Vot 95.63+0.21 95.54+0.43 95.70+0.21 95.72+0.24 95.86+0.28 96.09:£0.34
ouse-votes 0.0150 0.0084 0.0201 0.0184 0.0089 0.0082
Heart. 84.75+0.47 84.90+0.63 85.09+0.38 84.76+0.40 84.52+0.41 85.11:£0.45
¢ 0.0081 0.0037 0.0105 0.0096 0.0044 0.0038
Heart-Staflo 84.52+0.55 84.84+0.30 84.44+0.46 84.59+0.19 84.44+0.26 85.14+0.34
g 0.0070 0.0030 0.0089 0.0078 0.0037 0.0040
| b 94.30+0.38 94.42+0.45 94.26+0.42 95.65+0.24 95.13+0.20 95.17+0.19
onosphere 0.0112 0.0057 0.0143 0.0135 0.0062 0.0052
Musk 94.27+0.47 94.18+0.58 94.75+0.45 94.810.35 94.46+0.37 94.37+0.63
4 0.0192 0.0120 0.0257 0.0254 0.0132 0.0147
Pimalndian 77.94+0.46 77.34+0.31 76.94+0.52 77.24+0.42 77.19+0.32 77.49+0.39
0.0470 0.0332 0.0639 0.0589 0.0368 0.0349
Sonar 88.99+0.87 89.45+0.81 88.85+0.84 89.80+0.75 88.37+0.99 90.43+0.79
0.0051 0.0022 0.0065 0.0061 0.0026 0.0021
Spect 81.67+0.56 81.64+0.39 81.44+0.59 81.49+0.76 81.75+0.72 82.11+0.53
P 0.0082 0.0033 0.0102 0.0088 0.0038 0.0030
Wobc 82.32+1.36 81.32+0.28 82.78+1.64 80.82+0.90 80.29+1.01 81.39+0.85
p 0.0052 0.0021 0.0067 0.0062 0.0022 0.0017
Average 85.86+0.55 85.70+0.49 85.78+0.59 85.88+0.48 85.67+0.53 86.12+0.53
& 0.0157 0.0094 0.0207 0.0193 0.0103 0.0099
Average rank 3.6364 4.1818 4.5455 3.1818 3.6364 1.9091
Thus’ they derived a better statistic as follow TABLE 5. The characteristics of benchmark datasets.
(n— Dx — ,
Fr = VP Te— (29 Datasets Training data Testing data Features
n(k — 1) — X NDC-500 500 50 32
which is distributed according to the F-distribution with NDC-1000 1000 100 32
(k — 1) and (k — 1)(n — 1) degrees of freedom. NDC-2000 2000 200 32
For linear case, in Table 3, our WLPTSVM ranks the first NDC-3000 3000 300 32
with an average score of 1.8182. To illustrate the measured NDC-5000 5000 500 32
average ranks are significantly different from the mean rank NDC-8000 8000 800 32
by the null hypothesis, according to (50) and (51), we obtain NDC-10000 10000 1000 32
5 12 % 11 5 5 5 5 NDC-20000 20000 2000 32
XF = 6—7[(2.9091 + 3.5455“ + 4.0909“ + 3.7273
X
) 5. 6% 72 Thus, for 6 nonlinear algorithms and 11 selected datasets,
+4.90917 + 1.81827) — 2 1= 17.4956 the critical value of F (5, 50) is equal to 2.400 for the level
10 x 17.4956 of significant « = 0.05 and it is also less than the value of
Fr = 4.6649 Fr = 3.8497. Then, the null hypothesis is rejected and the

© 11 x 5 —17.4956

Moreover, for 6 linear algorithms and 11 datasets, F is
distributed according to the F-distribution with (6 — 1) = 5
and (6 — 1) x (11 — 1) = 50 degrees of freedom. Thus,
we find that the critical value of F (5, 50) is 2.400 for the
level of significant « = 0.05 and it is less than the value of
Fr = 4.6649, which indicates the null hypothesis is rejected.
It means that the compared algorithms are significantly dif-
ferent on selected datasets. Similarly, in Table 4, we can find
that the nonlinear WLPTSVM ranks the first with an average
score of 1.9091. According to (50) and (51), we obtain

5 12 x 11 5 5 5 5
Xp = W[(3'6364 +4.1818° + 4.5455° + 3.1818
2 By 6 x 72
+3.6364° + 1.9091°) — 2 1= 15.2879
10 x 15.2879
Fr = 3.8497

T 11x5—15.2879
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compared nonlinear algorithms are significantly different.

C. NDC DATASETS

In this subsection, we conduct some experiments on large
scale classification datasets and the David Musicants NDC
Data Generator [40] is used to evaluate the computation time
for various algorithms with respect to number of data points.
Table 5 lists a description of NDC datasets, each dataset is
divided into a training set and testing set. For experiments
on NDC datasets, we fixed parameters of all algorithms to

be the same (i.e. ¢; = 1,0 = 1). The training accuracy,
testing accuracy and training time are reported in Tables 6 and
Table 7, respectively.

To be specific, Table 6 shows the comparison results
for the linear TWSVM, WLTSVM, PTSVM, RPTSVM,
LSPTSVM and our WLPTSVM on NDC datasets. In Table 6,
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TABLE 6. Comparison on NDC datasets for linear classifiers.

TWSVM WLTSVM PTSVM RPTSVM LSPTSVM WLPTSVM
Datasets Train/Test (%) Train/Test (%) Train/Test (%) Train/Test (%) Train/Test (%) Train/Test (%)
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
NDC-500 96.00/88.00 95.20/88.00 95.80/86.00 95.60/82.00 95.60/82.00 96.00/88.00
0.0478 0.0016 0.0167 0.0194 0.0018 0.0014
NDC-1000 95.30/92.00 95.00/92.00 95.40/93.00 95.20/95.00 95.10/94.00 95.50/95.00
0.0696 0.0020 0.0589 0.0585 0.0023 0.0015
NDC-2000 94.90/95.00 95.05/93.50 95.00/95.00 94.90/95.00 94.75/94.50 95.60/93.00
0.2996 0.0023 0.2783 0.2626 0.0027 0.0020
NDC-3000 95.17/94.33 95.27/93.67 94.83/95.33 94.93/94.67 94.63/94.67 95.37/94.00
0.8631 0.0030 0.7965 0.8174 0.0032 0.0022
NDC-5000 94.74/94.40 95.02/93.20 94.84/94.40 94.72/94.40 94.64/94.60 95.00/94.60
3.2282 0.0031 3.1229 2.8963 0.0034 0.0028
NDC-8000 94.94/92.37 95.21/92.38 94.85/92.00 94.85/91.75 94.71/91.00 94.75/92.18
10.2427 0.0033 10.9781 10.3830 0.0036 0.0032
NDC-10000 95.22/94.40 95.38/93.80 95.12/94.40 95.13/94.50 94.96/94.50 95.25/94.10
16.8586 0.0041 18.2475 18.1892 0.0046 0.0036
NDC-20000 94.77/94.50 95.18/93.15 94.75/94.25 94.73/94.30 94.59/93.45 95.23/94.00
127.3396 0.0092 131.2221 125.2716 0.0094 0.0109
TABLE 7. Comparison on NDC datasets for nonlinear classifiers.
TWSVM WLTSVM PTSVM RPTSVM LSPTSVM WLPTSVM
Datasets Train/Test (%) Train/Test (%) Train/Test (%) Train/Test (%) Train/Test (%) Train/Test (%)
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
NDC-500 100/98.00 97.80/94.00 100/96.00 97.80/94.00 97.80/94.00 98.00/96.00
0.0337 0.0222 0.0478 0.0423 0.0236 0.0234
NDC-1000 100/99.00 98.70/97.00 100/99.00 98.60/99.00 98.60/99.00 98.60/99.00
0.1634 0.1142 0.2487 0.1782 0.1048 0.1029
NDC-2000 100/100 98.95/98.50 100/100 99.05/98.50 98.90/99.00 99.05/98.50
0.9054 0.7953 0.8950 0.8851 0.6869 0.7767
NDC-3000 100/100 98.27/98.00 100/100 99.63/97.67 99.50/98.00 99.10/99.00
2.2853 1.9094 3.1836 2.6098 1.7855 1.8104
NDC-5000 100/100 98.54/98.80 100/100 99.84/99.60 99.78/99.20 98.60/98.20
7.3329 7.0786 9.5435 8.7329 7.0439 6.8638
NDC-8000 100/100 99.08/98.50 100/100 99.81/99.75 99.81/99.75 98.59/99.75
25.8527 24.4834 32.2047 29.5591 24.5214 23.9211
NDC-10000 100/100 99.39/99.50 100/100 99.91/99.80 99.88/99.90 100/99.80
47.2758 45.2086 64.3014 59.7671 45.8844 45.5321
NDC-20000 100/100 99.64/99.60 100/100 99.95/99.85 99.93/99.90 100/99.90
383.5708 340.5155 437.8307 401.7089 344.7382 337.9132

TABLE 8. The computational complexity of six classifiers.

Algorithms Methods Complexity of linear case Complexity of nonlinear case
TWSVM QP OQ2*(n+1)")+0(m))+O(ms3) O * (m~+1)")+O0(n ) +O(m3)
WLTSVM CG O(4*(n+1)y*r) O4*(m+1)*r)
PTSVM Qp oQxn’ )-O-O(ml3 )+O(m§) OoQR*nt’ )+0(m13 )+O(m;)
RPTSVM QP oQx*n’ )+O(ml3 )+O(m§ ) OoQR*nt’ )+0(ml3 )+O(m§ )
LSPTSVM CG 02 *n*r) OQ*m’r)
WLPTSVM CG O(4*n*r) O@*m’r)

we can see that WLPTSVM obtains the comparable accu-
racies and performs faster than other algorithms on most
datasets. For the nonlinear case, Table 7 shows the compari-
son results of all the algorithms conducted on NDC datasets
with Gaussian kernel. The results on these datasets show that
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WLTSVM, LSPTSVM and our WLPTSVM are much faster
than TWSVM, PTSVM and RPTSVM. The reason might
be that the QPPs in TWSVM, PTSVM and RPTSVM are
solved by the optimization toolbox QP in MATLAB, while
the systems of linear equations in WLTSVM, LSPTSVM
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FIGURE 2. The training times of large scale NDC datasets.

and our WLPTSVM are solved by CG. For the linear case,
taking NDC-20000 dataset for example, the training time
of TWSVM is 127.3396 second, PTSVM is 131.2221 sec-
ond and RPTSVM is 125.2716 second, while WLTSVM is
0.0092 second, LSPTSVM is 0.0094 second and our pro-
posed WLPTSVM is 0.0109 second, respectively. For the
nonlinear case, the training times of all algorithms on four
large scale NDC datasets, e.g. NDC-5000, NDC-8000, NDC-
10000 and NDC-20000, are shown in Figure 2. So, the results
of Table 6, Table 7 and Figure 2 can indicate the efficiency of
our WLPTSVM when dealing with large scale problems.

D. DISCUSSIONS

In this subsection, we will give some discussions about
our WLPTSVM. First, according to optimization problems
(27)-(28) for the linear case and (40)-(41) for the nonlinear
case, there are many parameters, e.g. the penalty parameters
c1, €2, 3, c4 and kernel wide parameter o for nonlinear case.
However, these parameters may significantly impact the per-
formance of WLPTSVM. In order to investigate the influence
of these parameters to the proposed method, we discuss their
effect to the classification performance to our WLPTSVM on

Accuracy(%)

()

2 UCI datasets, e.g. Australian, House-Votes. For simplicity,
the parameters are set c; = ¢ and ¢3 = c4 for linear case
and set ¢c; = ¢ = ¢3 = ¢4 for nonlinear case. Figure 3 and
Figure 4 show the influence of the parameters on accuracy
with linear and nonlinear cases on above selected datasets,
respectively.

Second, in our experiments, we have compared the perfor-
mance of our WLPTSVM and other five algorithms. As we
know, TWSVM, PTSVM and RPTSVM need to solve two
quadratic programming problems (QPPs), while LSPTSVM,
WLTSVM and WLPTSVM only need to solve two systems of
linear equations. Specifically, the main computational times
of TWSVM, PTSVM and RPTSVM are consumed in solving
two inverse matrices and two QPPs, while the main compu-
tational time is consumed in solving two systems of linear
equations for LSPTSVM and two systems of linear equations
for WLTSVM and WLPTSVM twice. The QPPs are solved
by the optimization toolbox QP in MATLAB, while the
systems of linear equations are solved by CG. We analyzed
the computational complexity of our WLPTSVM as follows.
According to algorithm 1 and algorithm 2, the systems of
linear equations (34), (38) or (42), (43) need to be solved
in our WLPTSVM. It is not hard to find that the matri-
ces of (34) and (38) are of dimension n x n, while the
matrices of (42) and (43) are of dimension m x m, where
m = my + my is the total number of training samples,
my and my are the number of positive and negative training
samples. For large values of m or n, these matrices cannot
be stored. Thus, similar to WLTSVM, CG algorithm is used
to solve our WLPTSVM. As we know, the computational
complexity of the direct method to solve systems of linear
equations is O(n?). Fortunately, by using the CG algorithm,
the computational complexity of our linear WLPTSVM is
O(2 % n?r), where n is the dimension of samples and r is
the number of iterations. However, it should be noted that the
solution of linear WLPTSVM requires inversion of matrix of
size n x n twice and the solution of nonlinear WLPTSVM
requires inversion of matrix of size m x m twice. Thus, if the

Accuracy(%)

(b)

FIGURE 3. The influence of the parameters for linear WLPTSVM on Australian and House-votes datasets. (a) Australian.

(b) House-votes.
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FIGURE 4. The influence of the parameters for nonlinear WLPTSVM on Australian and House-votes datasets. (a) Australian.

(b) House-votes.

number of samples becomes very large, the reduced kernel
technique [43] may be utilized to reduce the dimensionality
for our nonlinear WLPTSVM. Similarly, we can analyze
the computational complexity of other five algorithms. In a
word, the detailed comparisons are reported in Table 8. From
Table 8, we can find that LSPTSVM has the lowest com-
putational complexity and the computational complexity of
WLTSVM and WLPTSVM is almost the same, but lower than
TWSVM, PTSVM and RPTSVM.

Third, in this paper, we only have proposed the algo-
rithm for binary classification. However, multi-class classifi-
cation problems are also common in real-world applications.
In fact, our proposed WLPTSVM can be easily extended
to multi-class classification problem by the one-versus-one,
one-versus-rest strategies. Take K-class classification for
example, for one-versus-one strategy, it needs to consider
the samples of two classes for each binary classifier and
establish K(K — 1)/2 binary classifiers. For one-versus-rest
strategy, it needs to construct K binary classifiers and the
samples of one class are trained with the rest samples from
the other classes for each binary classifier. In general, how to
effectively extend binary classifier to multi-class classifier is
also an interesting issue, which may be our future work.

At last, according to [11], [44], [45], we can find that
recursive procedure to seek more than one directions for each
class maybe can boost the performance. Therefore, how to
extend our WLPTSVM to recursive case is also an interesting
problem and we will address it in the future.

V. CONCLUSIONS

In this paper, we have proposed a novel weighted linear
loss projection twin support vector machine (WLPTSVM)
for binary classification problems. Instead of solving dual
QPPs in PTSVM, our WLPTSVM finds two projection
directions by solving systems of linear equations, allow-
ing it to classify large datasets efficiently. Experimental
results on synthetic and several benchmark datasets illus-
trate that our proposed WLPTSVM obtains comparable clas-
sification accuracy to that of PTSVM, but with reduced
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computational cost. It should be pointed out that there are
many parameters in our WLPTSVM, so parameter selection
is a practical problem and needs to be investigated in the
future. In addition, the extension of our WLPTSVM to multi-
class classification [46]-[48], multi-label classification [49]
and feature selection problems [50], [51] are also interesting.
Furthermore, how to use our WLPTSVM to deal with the
large-scale classification problems in real world is also under
our consideration.
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