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Abstract This paper focuses on the feature selection in multi-instance learning. A new version
of support vector machine named p-MISVM is proposed. In the p-MISVM model, the problem
needs to be solved is non-differentiable and non-convex. By using the constrained concave-convex
procedure (CCCP), a linearization algorithm is presented that solves a succession of fast linear
programs that converges to a local optimal solution. Furthermore, the lower bounds for the absolute
value of nonzero components in every local optimal solution is established, which can eliminate
zero components in any numerical solution. The numerical experiments show that the p-MISVM is
effective in selecting relevant features, compared with the popular MICA.
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1 Introduction

Feature selection is very important in many applications of data mining. By restricting
the input space to a small subset of input variables, it has obvious benefits in terms of
data storage, computational requirements, and cost of future data collection. This paper
focuses on feature section in multi-instance learning via a new version of support vector
machine (SVM).

Multi-instance learning (MIL) is a growing field of research in data mining. In the
MIL problem, the training set is composed of many bags, each involves in many instances.
A bag is positively labeled if it contains at least one positive instance; otherwise it is
labeled as a negative bag. The task is to find some decision function from the training set
for correctly labeling unseen bag.

MIL problem was first introduced by Dietterich et al.[1] in drug activity prediction.
So far, MIL has been applied to many fields such as image retrieval ([2]), face detection
([3]), scene classification, text categorization, etc and is often found to be superior than
a conventional supervised learning approaches. ([4]) proposed a framework called Di-
verse Density algorithm. Since then various variants of standard single instance learning
algorithms like Boost-ing ([3], [5]), SVM ([2], [6] ), Logistic Regression ([7]), nearest
neighbor ([8]) etc. have been modified to adapt to the MIL problem.
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Based on the standard SVM, some methods including MI, mi [9], etc. have been
proposed for the MIL problem. There are few works on feature selection in MIL. In
[10], the MICA algorithm is introduced, which employs 1-norm, rather than 2-norm in
MI and mi. Because the 1-norm SVM formulation is known to lead to sparse solutions
([11], [12]), MICA can get few features when a linear classifier is used. Recently, an
effective method, named p-norm SVM (0 < p < 1), is proposed on feature selection in
the standard classification problems in [13], which motivates us to apply it to the MIL
problem. This paper proposes p-norm multi-instance SVM (p-MISVM), which replaces
the 2-norm penalty by the p-norm (0 < p < 1) penalty in the objective function of the
primal problem in the MI. The p-MISVM conducts feature selection and classification
simultaneously. However, there are two difficulties in solving p-MISVM model: (i). It is
impossible to solve the primal problem via its dual problem and the primal problem itself
is hard to be solved, because it is neither differentiable nor convex; (ii). Feature selection
needs to find the nonzero components of the solution to the primal problem. However,
usually algorithms can only provide an approximate solution where nonzero components
in the solution can not be identified theoretically.

Firstly, for the difficulty (i), by using the constrained concave-convex procedure (CCCP)
([14], [15]), a linearization algorithm is presented that solves a succession of fast linear
programs that converges to a local optimal solution to the primal problem. Furthermore,
for the difficulty (ii), the lower bounds for the absolute value of nonzero entries in every
local optimal solution is established, which can eliminate zero entries in any numerical
solution. Lastly, the performance of p-MISVM is illustrated on the simulated datasets.

Now we describe our notation. For a vector x in R", [x];(i = 1,2,--- ,n) denotes the
i-th component of x. |x| denotes a vector in R" of absolute value of the components of x.

1
||x||p denotes that (|[x]|” + -+ |[x],|?)?. Strictly speaking, ||x||, is not a general norm
when 0 < p < 1, but we still follow this term p-norm, because the forms are same except
that the values of p are different. ||x||o is the number of nonzero components of x.

This paper is organized as follows. In section 2, the p-MISVM for feature section is
introduced. In section 3, the CCCP is proposed to solve p-MISVM model. In section
4, the absolute lower bounds of the local optimal solution is established. In section 35,
numerical experiments are given to demonstrate the effectiveness of our method. We
conclude this paper in section 6.

2 p-norm multi-instance support vector machine

For feature selection, p-MISVM is an embedded method in which training data are
given to a learning machine, which returns a predictor and a subset of features on which
it performs predictions. In fact, feature selection is performed in the process of learning.

Consider the multi-instance classification problem with the training set 7 is given by

{(%aYl)a""(%vyl)}a (1

where Z; = {xi1,-- ,xi; },xi; €ER"(i=1,---,1,j=1,---,1;),yi € {—1,1}. Here, when
yi =1, Z; is called as a positive bag and (.27,y;) implies that there exists at least one
instance with positive label in Z;; when y; = —1, 2 is called as a negative bag and there
exists no any instance with positive label in Z;. The task is to find a function g(x) such that
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the label of any instance in R" can be deduced by the decision function f(x) = sgn(g(x)).
For convenience, the training set (1) is represented as

{(%»YI),"' a(%myq)a(xﬂrlayﬂrl)f" 7(xr+sayr+s)}v (2)

where y; =+ =y, = Ly, 41 = --- =Yy = —1, (Zi, 1) implies that there exists at least
one instance with positive label and (x;, —1) implies that the label of the instance x; is
negative. All of instances in positive bags 27, --, 2y are xi,---,x,.. I(i) (i=1,---,q)
denotes the index set of instances in .Z;. The feature vector

8i = ([Xl}i, [x2]i7"' 7[xr+S]i)Tv(i =1, 7”) 3)

denotes the values of i-th feature in all instances.

Suppose the decision function is given by f(x) = sgn((w-x) + b), the p-MISVM
solves the optimization problem:

q r+s
min |w[p+C1 Y. &+C ) &,
w,b,& i=1 i=r+1
st. max((w-x;)+b)>1-¢&,i=1,--- q, “4)
Jel(i)

(le)+b§_1+€l7l:r+l7 7r+s7
fiZO,i:1,-~-,q,r—|—1,-~,r+s,

where C;(C; > 0), C2(C, > 0) and p(0 < p < 1) are parameters. Now we describe our
new method such as following:

Algorithm 1. (p-MISVM)

(1) Given a training set (2); Select the parameters C;(C} > 0),C2(C, > 0) and p (0 <
p<ly

(2) Solve the optimization problem (4) and get its global solution (w*,b*,&*);

(3) Select the feature set: {i|[w*]; £0,(i=1,---,n)};

(4) Construct the decision function f(x) = sgn(w* - x) + b*).

Note that, in the Algorithm 1, there are two difficulties (i) and (ii) that have been
addressed in Section 1, so the following sections will consider them respectively.

3 CCCP for the p-MISVM model

The constrained concave-convex procedure (CCCP) ([14], [15]) is an optimization
tool for problems whose objective and constrained functions can be expressed as the dif-
ferences of convex functions. Consider the following optimization problem:

min,  fo(x) — go(x) s
st filx) —gi(x) <cii=1,---,m,

where f;,g;(i =0,---,m) are real-valued, convex and differentiable functions on R", and
¢i € R. Given an initial x(?), CCCP computes x*1) from x) by replacing g;(x) with its
first-order Taylor expansion at x), and then setting x(’ +1) to the solution of the following
optimization problem:

min,  fo(x) — [go(x")) + Vgo (x(‘)f (x—x1))]

st fi(x) = [gi(x) + Vg (xN) T (x —x)] < ¢jyi=1,--- ,m. ©
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Here, Vg(X) is the gradient of the function g at . For non-smooth functions,the gradient
should be replaced by the subgradient. It can be shown that CCCP converges to a local
minimum solution of (5) in [15].

Consider the problem (4), we firstly introduce the variable v = ([v]y,--+,[v],) " to
eliminate the absolute value from the objective function, which leads to the following
equivalent problem:

r+s
min [[v Hp+C12§z+Cz Y &, 7)
w,b,& i=r+1
s.t. max((w- x])+b)>1—§l,z_1 .4 (8)
JEI(i)
w-x)+b<—-1+4&,i=r+1,--- ,r+s, 9)
E>0,i=1,---,q,r+1,--- ,r+s, (10)
—v<w<vy (11

where [|v||5 = [v]{ + -+ [v]}, due to the last constraint (11). Furthermore, we note that
the objective function and the constraint functions in the problem (7)-(11) can be regarded
as the differences of two convex functions. Hence, we can solve the problem (7)-(11) with
CCCP. Note that max j¢ ;) (w - x;) in (8) is convex, but a non-smooth function of w.To use
the CCCP, we have to replace the gradient by the subgradients. It is easy to obtain that for
i=1,--,q, the subgradients d max;c;;)(w-x;) = {¥es(;) Bjx;|B; € R, B; > 0}, where
{ =0, if(w-x;)# max(w-x;),
Bji= - JEl) with ¥ ey Bj = 1. At the k-th iteration, denote
>0, otherwise

9 y® and BV,
respectively. In the experiments, we initialized ﬁj( = 7o ,( , for j € I(i). For convenience,
(k) _ { 1, if j=argmaxgc;;(w-xi),

the current w,b,&, v estimate and the corresponding ﬁj by wk) bk £l

we pick the subgradient with: ; 0 otherwise then the opti-

mization problem is:

r+s
min  p(v)P- lv—l—ClZé,—i—Cz Z &,
X i=r+1
s.t. (W~x(>)+b>lf§,,l—l ,q, (12)

(w-xi))+b< —l—l—é,,l—r—&—l, - r+s,
giZOai: 17"'761ar+17"'7r+sa
—v<w<

which is a standard linear programming, then the following algorithm is established:
Algorithm 2.
(1) Given a training set (2); Select the parameters C; (C; > 0), C2(C, > 0) and p(0 <
p<l);
(2) Let k =0, select x\*) = o ey xjpi=1,+ g and v = 0;

(3) Solve the following optimization problem (12), and get its solution (w<k+1> NAGOR
gkt (kD))
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(4) Compute g(x;) = (w (k1) ')+b<k+]), forjel(i)andi=1,---,q, selectxl(kﬂ) =

argmax j(; )g( Xj);
G If lxH —x$ ) =0, fori=1,--- ¢, then let w* = w(k+1) p* = pl+1) g — g(k+D)
and stop; otherwise, let k = k+ 1, go to step (3).

4 The lower bounds of nonzero entries of local optimal
solution to the problem (4)

Using the same strategy in [16], we get the following theorem 1, which can be used
to identify nonzero components in the local optimal solutions to the problem (4), even
though the Algorithm 2 can only find the approximate local optimal solution.

Theorem 1 For any local optimal solution (w*,b*,&*) to the problem (4), if |[[w*];] <
1
——L )77, then [W*]; =0,i=1,2,--- ,n, where g; is defined in (3).
Svierrer W] 8i 3)
Proof: Suppose ||w*||o = k. Without loss of generality, let w* = ([w*]1, [W*]2,- -, [W*]k,
0,0---0)7 and z* = ([w*]1, [w*]2, -+, [w*]x)T . For the new instance %; = ([x;]1, [xi]2, -, [xi]x) T
we consider the following optimization problem

n}]iré lzlp+C XL &+ C Yt &,

2,b,
st. max((z-X;)+b)>1-&,i=1,---,q,
JEI() '
(z:X)+b<—-1+&i=r+1,,r+s,
&>0,i=1,--,q,r+1,-,r+s.

13)

It has been pointed out by [10] that the constraint max jc;;) ((z-X;) +b) > 1 —§&;, is equiva-
lent to the fact that there exist convex combination coefficients v; >0, jel(i) vi. =1, such
that (w- Y jes(i) vijcv 7)+b > 1—¢;. Then, the above problem (13) is equivalent to:

H}}ifé lzllb+CI X &G+ C Yt &,
s.t. (ZZ]GI(l)vljfj)—i—bz l_éiai: 17 s
(Z'-’i‘/i)—i_bg_1+5i7i:r+17”'7r+sa (14)
5120712 17"'7‘]7r+1,"' ,l"—'—S,
VZJZO’JEI(Z)7ZZ 17""117
Zjel(l-)vlj: 1,l: 1, ,q-

The Lagrange function of (14) is:

r+s
L(z,b,8,a,8,A, 1) = ||Z||p+CIZ€l+C2 Z Gi— Zoc, Z vx/ )+b—1+8)+
i=r+1 = JEI(i)
r+s r+s

Z ai((Z‘E)+b+1*€i)*ZCi§i Z Gi&i— i Z W l* Z V;*l)-

i=r+1 i=1 i=r+1 i=1 jel(i) JEI(i)
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It is easy to know that (z*,b*,&*,v*) is a local optimal solution of (14), according to the
KKT condition, we have

r+s
plz P~ sign(z" Zal Y viEi— Y e (15)
=1 jel(i) i=r+1
Ogaiéclvl_lv"'qu (16)
0<0; <G i=r+1,---,r+s. a7

According to (15)-(17) and Cauchy-Schwarz inequality, we have

r+s

Pl = |Za, Y via— ), ol (18)
i=1  jel(i) i=r+1
< ||(OC1, s Ogy —Orp 1,000, _ar+s)H
H Z V xj iy Z v x] is xr+l 7[/€r+s]i)|| (19)
iel(1 lE[
< C%q+C%ngiH (20)

which means |[z*];| > ( =7, then the conclusion is obtained. (]

p
V/Cia+Cysllgill )

According to Theorem 1, we can identify the nonzero components of the local optimal
solution to (4). Based on the Algorithm 2 and the Theorem 1, the new algorithm 3 is
established as follows:

Algorithm 3.

(1) Given a training set (2); Select the parameters C;(C} > 0),C2(C, > 0) and p (0 <
p <Dy

(3) Using the Algorithm 2 to get the local optimal solution (w*, b*, £*) to the problem
4);

(4) Compute L; =

L,(i=1,---,n)};

(5) Construct the decision function f(x) = sgn((W* - X) + b*), where the components
of w* are nonzero components of w* and the components of ¥ are also corresponding to
nonzero components of w*.

r,fori=1,---,n; Select the feature set: {i|[w*]; >

(\/C%q+c2 ll&l )

Note that, in the following section, our experiments are conducted according to the
algorithm 3.

5 Numerical experiments

In this section, some experiments on four simulated datasets are conducted, by com-
paring p-MISVM with MICA. The four simulation datasets (I, II, III, IV) are generated
by the following steps:

e According to two different distributions, independently generate ng positive and neg-
ative feature vectors gi+ € R, g € R-,i=1,2,--- ,ng where [, and [_ are respectively
the number of the positive and negative points;
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Table 1: Four simulate datasets

Data | features | relevant features | Distribution of g* | Distribution of g~
I 20 3 N(1,0.5) N(—1,0.5)
1I 20 3 U(-0.5,1) U(-1,0)
I 100 5 N(1,0.5) N(—1,0.5)
v 100 5 U(-0.5,1) U(-1,0)
Table 2: Results on the four Simulated datasets
Dataset | Methods  No. of sele-  Percent of rele- Average Parameters
cted features  vant features(%) accuracy(%)
I p-MISVM 2.96 88.1 99.88 p=0.5,C =238
MICA 5.05 59.4 99.86 C=2
I p-MISVM 291 92.7 99.98 p=05C=1
MICA 3.36 89 99.88 C=0.7
10 p-MISVM 5.06 89 99.98 p=0.6,C=0.57
MICA 6.97 71 99.98 C=2
v p-MISVM 3.51 83.7 99.36 p=0.6,C=0.7
MICA 3.83 75.9 99.46 C=0.7

e According to other distributions, independently generate some stochastic vectors
that are irrelevant to the class;

e The positive bags contains three points that are stochastic generated in the rectan-
gular region, the radius of this rectangular region is 2 and the center is the positive points
generated by the first step.

e The negative bags is just the negative points generated by the first step.
The description of the four data sets is listed in Table 1.

According to Algorithm 3, 100 experiments are conducted for every dataset. Note
that, there are three parameters C1, C; and p in Algorithm 3. Usually we set C; = C, =C
in our experiments, and the best value of these parameters is chosen by ten-fold cross
validation. Our experimental results are illustrated in Table 2, where the best results are
given by the bold form. Obviously, p-MISVM performs the best among two methods. In
Table 2, the data in 4th column shows the percentage of the number of the right features
over the number of the selected features, which means the bigger the value the better
the result. The average accuracy is computed by averaging the test accuracy among 100
experiments. It is easy to see that p-MISVM selects the least features with the high
accuracy, compared with the MICA.

6 Conclusion

Feature selection is very important in many applications of data mining. This paper in-
troduces a new version of SVM named p-MISVM to feature selection and multi-instance
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classification. By using the CCCP method, a linearization algorithm is proposed to get
the approximate local optimal solution to p-MISVM. And the lower bounds for the ab-
solute value of nonzero components in every local optimal solution is established, which
can eliminate zero components in any numerical solution. The numerical experiments
show that the p-norm support vector machines is effective in selecting relevant features,
compared with the popular MICA.
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