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Computationally Efficient Multi-Label Classification
by Least-Squares Probabilistic Classifiers

Hyunha NAM'?, Hirotaka HACHIYA", and Masashi SUGIYAMA ™, Members

SUMMARY  Multi-label classification allows a sample to belong to
multiple classes simultaneously, which is often the case in real-world ap-
plications such as text categorization and image annotation. In multi-label
scenarios, taking into account correlations among multiple labels can boost
the classification accuracy. However, this makes classifier training more
challenging because handling multiple labels induces a high-dimensional
optimization problem. In this paper, we propose a scalable multi-label
method based on the least-squares probabilistic classifier. Through experi-
ments, we show the usefulness of our proposed method.
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1. Introduction

In some recent applications of pattern recognition, a sample
can belong to more than one category at the same time. For
example, in text mining, a news article about Transformer
can be categorized into the “car”, “robot”, and “movie” cat-
egories. The classification problem where a single sample
can belong to multiple classes is called multi-label classi-
fication, and it has attracted a great deal of attention re-
cently [5].

However, multi-label classification is computationally
expensive, and overcoming the computational bottleneck
is a common challenge. In this paper, we thus propose
a novel multi-label method. Our approach is to extend
the computationally efficient multi-task method [3] based on
the least-squares probabilistic classifier (LSPC)[4],[6] to
multi-label scenarios, and to achieve a method to compute
its solution efficiently.

2. Probabilistic Classification by LSPC

In this section, we review the least-squares probabilistic
classifier (LSPC) for single-label classification [4], [6].
Suppose that we are given a set of training samples
{(x,,,yn)}n[\’:l drawn independently from a joint probability
distribution with density p(x,y), where x, € RP is a fea-
ture vector, D is the dimensionality of feature vector x,
yn € {l,...,Y} is a class label, and Y is the number of
classes. The objective of probabilistic classification is to
learn the class-posterior probability p(y|x) from the train-
ing samples. Based on the class-posterior probability, clas-
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sification of a new sample x can be carried out by y :=

For each y € {1,...,Y}, we model p(ylx) by
qOylx; 8y) = Zle Oy pdp(x) = ByT(b(x), where B denotes the
number of parameters, 6, = (ey,l,...,ey,B)T e RE is the
parameter vector, and @¢(x) = (¢1(x),...,dp(x)" € RE is
the basis function vector. In practice, we may use a ker-
nel model, i.e., we set B = N and ¢,(x) = K(x, x;,), where
K(x,x") is a kernel function.

We fit the above model to the true class-posterior prob-
ability p(y|x) under the following squared loss:

1

Jy(8y) = 5 f (61(ylx;‘5’y)—p(ylx))2 p(x)dx

1
=3 f qOlx; 6,)* p(x)dx— f q(lx; 0,)p(xly)p(y)dx+C,

where p(x) denotes the marginal density of feature vector
x and C is a constant independent of 6. Approximating
the expectations over x by sample averages and the class-
prior probability p(y) by sample ratios, ignoring constant C
and factor 1/N, and including an ¢,-regularizer, we have the
following training criterion:

N
— 1
T8, = 3 )" a0l 6,y a0lx,:6) + S 16,1

n=1 ny,=y
— IHT(DTG)H aTq)T 1Y 0 2
- E y y — Yy ”y + E” y” s

where p > 0 is the regularization parameter, ® =
(P(x1), ..., ¢(xy))T € RV is the design matrix, and mr, is
the N-dimensional class-indicator vector, i.e., m,, = 1 if
yu =y and &, , = 0 otherwise. We can obtain the minimizer
@, of j; analytically as 79\) = (@@ +plp)" ® "7y, where
I denotes the B-dimensional identity matrix.

As the number of training samples, N, increases, the
solution q(ylx;b}) was shown to converge to the true class-
posterior probability p(y|lx) with the optimal convergence
rate [4]. For a finite sample size, we obtain the final solution
by rounding up a negative output to zero and normalization
as follows [6]:

max(0, g(y|x ;Ev))
max (0, g(y Ix;aw ) .

pOlx) = —
y'=1

3. Multi-Task LSPC

When multiple related learning tasks exist, solving them si-
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multaneously by sharing some common information behind
the tasks is expected to be more promising than solving them
separately. This is the idea of multi-task learning. A compu-
tationally efficient multi-task learning method can be devel-
oped by combining multiple LSPCs. Here, we review multi-
task LSPC (MT-LSPC) [3] in a slightly generalized way.
Suppose that we are given a set of training samples
{(Xns yus 1)}, where 1, € {1,..., T} denotes the task index.
We assume that {(x,, y,,)}f:’= , are drawn independently from
a joint probability distribution with density p, (x,y). The
objective of multi-task probabilistic classification is to learn
the class-posterior probabilities p,(y|x) fort € {1,...,T}.
Let us model p;(y|x) for each t+ € {l,...,T} and
y € {l,....Y} as qlx; 0y) := X, Oypithp(x) = 6] ,$(x),
where ¢(x) = (p1(x),...,05(x)T € RZ and Hy,, =
Oy 15 -» Hy,B,,)T € RE. The basic idea of MT-LSPC is that
solutions of all tasks are imposed to be close to each other in
terms of the £,-norm. More specifically, let us decompose
0y as 0,, = B, + B,,, where B, is the common part of so-
lutions for all tasks and B, , is the individual part of solutions

for task 7. Then, for B, : (ByO’ﬁ} oo BT T)T € RBT+D),
the training criterion of MT-LSPC is given by

N
1
f}m(ﬂy) =3 Z g By + Byy)” — Z
n=1

nyn=y

T
. wWo 2, ] 2
G0N Byo +Bys) + S Byl + 5 D wilBy P,
=1
where wy > 0 is the regularization parameter for the task-
independent part and w,; > 0 (t = 1,...,T) is the regulariza-
tion parameter for the task-dependent parts.
For 0z denoting the B-dimensional zero vector, let

T
f,(x) = (¢(X)T’ Og(t—l)’ ¢(x)'l', O-IB;(T—r)) c RB(T+1),
== (gl] x1),... ’sz(xN))T € RVBT+D)

Q := diag (wo, wi, . . ., wr) € RTTDXT+D,

Then the MT-LSPC training criterion can be compactly ex-
pressed as
1

) =3 ; ='Ep,~B E m+ 5B (@& Ip),.
where ® denotes the Kronecker product. Because the above
j}”(ﬂv) is essentially the same form as the original single-
task LSPC - training criterion, we can similarly obtain the
minimizer By analytically as By =EE+Qel)"

Suppose that we use a kernel model (i.e., B = N)
Then, the size of the matrix to be inverted in the above equa-
tion is N(T + 1) X N(T + 1). Thus, the computational com-
plexity for naively computing the solution ’ﬂ is O(N3T?),
which can be expensive. However, because the rank of 22
is at most N, the solution can be computed more efficiently.
More specifically, q(y|x;/§y,,) can be expressed as follows:

q01x;8,) = 0, ,(x) = B, £,(x) = 7] A”'b,
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where A is the N X N matrix and b, is the N-dimensional
vector defined as

Anw = [EQTQIRET + Iyl

1 6
= (_ — )¢(xn)T¢(xn )+ 5nn 5

wo Wy,

- 1 g
by = [E(Q 7 ®Ip)E,(X)], =(w0 & )¢(erT¢(x)
Here 6, denotes the Kronecker delta. The computational
complexity for computing the solution in this way is reduced
to O(N?), which is independent of 7.

4. Reformulation of MT-LSPC

In this paper, we develop a multi-label method based on MT-
LSPC. However, the original MT-LSPC imposes all solu-
tions to be close to each other via the common part, which
is not necessarily appropriate in the multi-label scenario.
Here, we derive an extention of MT-LSPC that imposes a
multi-task penalty via pairwise similarities between tasks.
This pairwise version will be used for developing a multi-
label method later.

For 6, := (0],,....6,,)" € RET let us consider the
following training criterion:

Z qOylxn; 0y4,)

nyn=y

2
Z?’tt 18y, — 0, /1l

It’

T 8,) = Zq(ylxn,own)
n=1

1 T
3 0 Al +
t=1

where A, > 0 is the regularization parameter for task ¢ and
v:r > 0 is the similarity between tasks ¢ and ¢’ (large vy,
corresponds to similar tasks). Let

Y, (x) = (Og(t—l)’ ¢(x)T’ OE(T_,))T c RBT’
Y= (l/’zl 1), l/’zN(xN))T e RV*BT

Then ];VIT’ can be compactly expressed as
. 1 1
e, = 50;\1'“1'0',, — 0], + 50;(0 ® 15)6,,

where C is the T X T matrix defined as C,p :=
Ory (/lz + ZIT”:] Yt,t") — Y-
Taking the derivative of JMT with respect to 6, and

setting it to zero, we have the minimizer Ey analytically as

6, = (Y'Y +C®Iz) " ¥, Using the same trick as MT-

LSPC, q(ylx;’é;,,) can be efficiently computed based on the
following expression:

q01x;8,) = 8, (x) =
where A’ is the N X N matrix and b] is the N-dimensional
vector defined as
= [‘I’(C QIpY" + Inluw
=[C” ]t,,,t,,/ é(x,) P(x,) + On' s

—~T ,
0,9,(x)=n]A"'b],

n n’
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b, = [W(C @ IpW, ()]s = [C' ], $(x,) B(x).

The computational complexity for computing the solution in
this way is reduced to O(N> + T3). Note that the factor 7>
comes from the computation of C™!; if the task similarity
matrix I' (with I'; » = ;) enjoys nice structure such as be-
ing low-rank or sparse, it may be computed more efficiently.

5.  Multi-Label LSPC

In this section, we propose a computationally efficient multi-
task classifier based on the pairwise MT-LSPC called multi-
label LSPC (ML-LSPC).

Suppose that we are given a set of training samples
{(xn»yn)}nN:p where In = (yn,l’ s ’yn,T)T € {15 e Y}T is
the class-label vector for the n-th sample and T is the num-
ber of labels. Input vector x is assumed to be drawn indepen-
dently from p(x), and the 7-th element y, of y = (y1,...,y,)"
is assumed to be drawn from p.(y|x). The objective of
multi-label probabilistic classification is to learn the class-
posterior probabilities p,(y|x) for r € {1,...,T}.

Requiring that similar labels should have similar clas-
sification solutions, we can employ a multi-task learning
method to solve the multi-label learning problem. Indeed,
from the MT-LSPC training criterion, we immediately have
the training criterion for ML-LSPC:

T N
COEEDY [% D a0 0,07 a(v1x,3 6,)
n=1

=1 n:Yp =y

T
1 1
+§A,||0y,t||2] DI

t,r=1

However, a notable difference between multi-task and multi-
label formulations is that the number of training samples is
N in the multi-task formulation, whereas that in the multi-
label formulation is essentially NT. Thus, if we naively ap-
ply MT-LSPC to the multi-label problem, the computational
complexity is O(N3T?) for a kernel model (i.e., B = N),
which is prohibitively expensive. Below, we explain how to
mitigate this problem.

Let @, := (6,1,....60,7) € RFT and let m,, be
the N-dimensional class-indicator vector for the ¢-th label,
ie, my, = 1ify,, = y, and m,, = O otherwise. Let
I, := (my1,...,m7) € RYT. Then j},\’[L can be compactly
expressed as

1 1
116) =5 (@00, - (@] 'L+ - r(0,CO)).
Taking the derivative of the above equation with respect to
0, and setting it to zero, we obtain
Q' 00, +0,C =01l (1)

This is called the continuous Sylvester equation with respect
to @y, which often arises in control theory [2].

Various algorithms for solving the Sylvester equation
have been developed. One of the simplest methods is based
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on the eigenvalue decompositions of ®T® and C as fol-
lows: Let f,,...,fp be eigenvectors of ®T® associated
with eigenvalues fi,..., fp, and let g,,..., g, be eigen-
vectors of C associated with eigenvalues gi,...,gr. Then
the solution @y to Eq.(1) is given analytically as 6\ =
(f1s---» fp)O(g,-..,gr)T", where Q is the B X T matrix
defined as Oy, := %. If a kernel model is used (i.e.,
B = N), the computational complexity for solving Eq. (1) in
this way is O(N° + N°T + NT? + T?). Note that the terms N>
and T3 come from the eigenvalue decompositions of ®" ®
and C, which can be performed more efficiently if they enjoy
nice structure such as being low-rank or sparse.

For large-scale data, Eq.(l1) may be solved more
efficiently by numerical optimization. Let 6, :=
0,,....0,)7" € RBT. Then Eq. (1) can be expressed as
HO, = h,, where

H=I;9(® ®) +C® I c RETBT
hy = (((I)Tﬂ'y’])-r, ey ((I)Tﬂ'y’r)T)T [S RBT.

If a kernel model is used (i.e., B = N), naively solving
HO, = h, takes O(N°T?) time. Here, we take into account
the Kronecker structure of H, and solve the equation numer-
ically by the conjugate gradient method. More specifically,
we can compute the matrix-vector product Hé, as [H6,]; =
(I)T(I)qu, + Z;T'=1 C: 6, . Although the computational com-
plexity for naively computing H6, is O(N 3+ N2T?) includ-
ing the computation of @' ®, that for computing H6, based
on the above expression is reduced to O(N*T + NT?). Note
that the term N2T comes from the computation ® " @6, and
the term NT? comes from the computation Ztszl CirOyp. If
@' ® is approximated by a low-rank matrix and the task
similarity matrix I' enjoys nice structure such as being ap-
proximately low-rank or sparse, Hf, may be approximately
computed even more efficiently.

6. Experiments

In this section, we experimentally evaluate the performance
of the proposed ML-LSPC.

6.1 Toy Dataset

Let the feature dimension be D = 300, and we consider
T binary classification tasks. Training samples of the z-th
task is created as follows: x, = (x1,,...,Xp,)" is indepen-
dently drawn from the standard normal distribution and y,,
is determined by linear decision boundary cos(2x#/T)x; , +
sin(2nt/T)x,, (i.e., the decision boundaries are rotated in
the subspace spanned by the first two dimensions). We set
the number of training samples to N = 2000. The label sim-
ilarity W;, is set to max(0, p;»), where p;, is the Pearson
correlation coefficient between {y,}"_ and {y,,}" . We
use the Gaussian kernel model in LSPCs.

As functions of the number of tasks, we compare the
classification performance of the plain LSPC (i.e., each task
is solved separately), the proposed ML-LSPC, the k-nearest
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Fig.1 Toy dataset.

neighbor classifier for multi-label learning (ML-kNN) [7]
which treats a multi-label problem as a set of single-label
problems, and the instance differentiation method (Ins-
Dif) [8] which utilizes a multi-instance formulation in multi-
label problems.

All tuning parameters were optimized based on 5-fold
cross-validation in terms of the misclassification rate. Fig-
ure 1(a) plots the average misclassification rate over 50
runs, showing that ML-LSPC and InsDif perform well.
Plain LSPC and ML-kNN performed poorly because they
did not explicitly take label correlations into account. Fig-
ure 1(b) plots the computation time of ML-LSPC with
naive implementation (we used the left-division function
‘mldivide’ in MATLAB®), the proposed optimization
method (we used the conjugate gradient function ‘pcg’
in MATLAB®), InsDif, and ML-kNN. This shows that
the proposed optimization method is computationally much
more efficient than the naive implementation of ML-LSPC.
InsDif is slow because it includes clustering of a bag of sam-
ples.

6.2 Enron Email Dataset

Finally, we test the performance of the proposed method
on the Enron Email Dataset, which consists of 1702 real-
world email messages[1]. Each email message is repre-
sented as a 1001-dimensional feature vector, accompanied
with 53 labels. We randomly chose N = 1000 samples
for training, and used the remaining 702 samples for per-
formance evaluation. Because the presence and absence
of labels were highly imbalanced in this dataset, we de-
cided to evaluate the test performance in terms of the F-
measure. The average F-scores (and computation time) for
plain LSPC, ML-LSPC, ML-kNN, and InsDif over 150 runs
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were 0.556 (3.3sec.), 0.561 (5.5), 0.372 (9.6), and 0.526
(470.7), where ML-LSPC was significantly better than oth-
ers according to the t-test at the significance level 5%.

7. Conclusions

Multi-label classification is useful in various real-world
problems such as audio tagging, image annotation, video
search, and text mining. However, because the essential
number of training samples for 7T-dimensional label vectors
of size N is NT, naive implementation of multi-label clas-
sification is computationally expensive when N and T are
large. To overcome this computational bottleneck, we de-
veloped a multi-label method based on LSPC [4], [6]. Our
key idea was to utilize the block structure of the system
of linear equations to improve the computational efficiency.
Through experiments, we showed that the proposed method,
ML-LSPC, is promising.

HN was supported by the GCOE program, the
Hasegawa scholarship, and JST PRESTO, HH was sup-
ported by the FIRST program, and MS was supported by
MEXT KAKENHI 23300069 and AOARD.

References

[1] The CALO Project, “Enron email dataset,” 2009.
http://www.cs.cmu.edu/ enron/

[2] V. Sima, Algorithms for Linear-Quadratic Optimization, Marcel
Dekker, New York, NY, USA, 1996.

[3] J.Simm, M. Sugiyama, and T. Kato, “Computationally efficient multi-
task learning with least-squares probabilistic classifiers,” IPSJ Trans.
Computer Vision and Applications, vol.3, pp.1-8, 2011.

[4] M. Sugiyama, “Superfast-trainable multi-class probabilistic classifier
by least-squares posterior fitting,” IEICE Trans. Inf. & Syst., vol.E93-
D, no.10, pp.2690-2701, Oct. 2010.

[5] G. Tsoumakas and I. Katakis, “Multi-label classification: An
overview,” Int. J. Data Warehousing and Mining, vol.3, no.3, pp.1-
13, 2007.

[6] M. Yamada, M. Sugiyama, G. Wichern, and J. Simm, “Improving the
accuracy of least-squares probabilistic classifiers,” IEICE Trans. Inf.
& Syst., vol.LE94-D, no.6, pp.1337-1340, June 2011.

[71 M.L. Zhang and Z.H. Zhou, “ML-KNN: A lazy learning approach to
multi-label learning,” Pattern Recognit., vol.40, no.7, pp.2038-2048,
2007.

[8] M.L. Zhang and Z.H. Zhou, “Multi-label learning by instance differ-
entiation,” Proc. AAAI Conference on Artificial Intelligence, pp.669—
674, 2007.




