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Abstract

We propose a multiple incremental decremental algorithm of Support Vector Ma-
chine (SVM). Conventional single incremental decremental SVM can update the
trained model efficiently when single data point is added to or removed from the
training set. When we add and/or remove multiple data points, this algorithm is
time-consuming because we need to repeatedly apply it to each data point. The
proposed algorithm is computationally more efficient when multiple data points
are added and/or removed simultaneously. The single incremental decremental
algorithm is built on an optimization technique called parametric programming.
We extend the idea and introduce multi-parametric programming for developing
the proposed algorithm. Experimental results on synthetic and real data sets indi-
cate that the proposed algorithm can significantly reduce the computational cost
of multiple incremental decremental operation. Our approach is especially useful
for online SVM learning in which we need to remove old data points and add new
data points in a short amount of time.

1 Introduction

Incremental decremental algorithm for online learning of Support Vector Machine (SVM) was pre-
viously proposed in [1], and the approach was adapted to other variants of kernel machines [2—4].
When a single data point is added and/or removed, these algorithms can efficiently update the
trained model without re-training it from scratch. These algorithms are built on an optimization
technique called parametric programming [5-7], in which one solves a series of optimization prob-
lems parametrized by a single parameter. In particular, one solves a solution path with respect to
the coefficient parameter corresponding to the data point to be added or removed. When we add
and/or remove multiple data points using these algorithms, one must repeat the updating operation
for each single data point. It often requires too much computational cost to use it for real-time online
learning. In what follows, we refer this conventional algorithm as single incremental decremental
algorithm or single update algorithm.

In this paper, we develop a multiple incremental decremental algorithm of the SVM. The proposed
algorithm can update the trained model more efficiently when multiple data points are added and/or
removed simultaneously. We develop the algorithm by introducing multi-parametric programming
[8] in the optimization literature. We consider a path-following problem in the multi-dimensional
space spanned by the coefficient parameters corresponding to the set of data points to be added or
removed. Later, we call our proposed algorithm as multiple incremental decremental algorithm or
multiple update algorithm.

The main computational cost of parametric programming is in solving a linear system at each break-
point (see Section 3 for detail). Thus, the total computational cost of parametric programming is
roughly proportional to the number of breakpoints on the solution path. In the repeated use of



single update algorithm for each data point, one follows the coordinate-wise solution path in the
multi-dimensional coefficient parameter space. On the other hand, in multiple update algorithm, we
establish a direction in the multi-dimensional coefficient parameter space so that the total length of
the path becomes much shorter than the coordinate-wise one. Because the number of breakpoints in
the shorter path followed by our algorithm is less than that in the longer coordinate-wise path, we
can gain relative computational efficiency. Figure 2 in Section 3.4 schematically illustrates our main
idea.

This paper is organized as follows. Section 2 formulates the SVM and the KKT conditions. In Sec-
tion 3, after briefly reviewing single update algorithm, we describe our multiple update algorithm.
In section 4, we compare the computational cost of our multiple update algorithm with the sin-
gle update algorithm and with the LIBSVM (the-state-of-the-art batch SVM solver based on SMO
algorithm) in numerical experiments on synthetic and real data sets. We close in Section 5 with
concluding remarks.

2 Support Vector Machine and KKT Conditions

Suppose we have a set of training data {(z;,y;)}";, where x; € X C R? is the input and
y; € {—1,+1} is the output class label. Support Vector Machines (SVM) learn the following
discriminant function:

flx) = who(x) +b,
where ®(x) denotes a fixed feature-space transformation. The model parameter w and b can be
obtained by solving an optimization problem:

min %HWHQ + C;&

st. yif(®) >1-6§,&2>0,i=1,---,n,
where C € R is the regularization parameter. Introducing Lagrange multipliers o;; > 0, the
optimal discriminant function f : X — R can be formulated as f(z) = >, a;y; K (z, x;) + b,
where K (z;,z;) = ®(z;)T®(x,) is a kernel function. From the Karush-Kuhn-Tucker (KKT)
optimality conditions, we obtain the following relationships:

yif(x;)) >1 = «a; =0, (1a)
ylf(:cl) =1 = o€ [O,C], (1b)
ylf(acl) <1l = o= C, (Ic)
> i =0. (1d)

i=1

Using (1a)-(1c), let us define the following index sets:

O = {ilyif(z:) >1,0; =0}, (2a)
M = {i|lyf(xz;) =1,0<; <C}, (2b)

In what follows, the subscription by an index set, such as vz for a vector v € R”, indicates a
subvector of v whose elements are indexed by Z. Similarly, the subscription by two index sets,
such as M pq o for a matrix M € R™*", denotes a submatrix whose rows are indexed by M
and columns are indexed by O. If the submatrix is the principal submatrix such as Q \( 14, We
abbreviate as @ .

3 Incremental Decremental Learning for SVM

3.1 Single Incremental Decremental SVM

In this section, we briefly review the conventional single incremental decremental SVM [1]. Using
the SV sets (2b) and (2¢), we can expand y; f (x;) as

yif (@) = Z Qijoj + Z Qijoj + yib,
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where Q;; = y;y; K (x;, ;). When a new data point (., y.) is added, we increase the correspond-
ing new parameter o from 0 while keeping the optimal conditions of the other parameters satisfied.
Let us denote the amount of the change of each variable with an operator A. To satisfy the equality
conditions (1b) and (1d), we need

QiCAOtC + Z QijAOéj + yiAb = 0,1 M,
JjEM

yeAa, + Z yiAa; = 0.
JEM
Solving this linear system with respect to A, 7 € M, and b, we obtain the update direction of the
parameters. We maximize the Ac, under the constraint that no element moves across M, Z and O.
After updating the index sets M, Z and O, we repeat the process until the new data point satisfies the
optimality condition. Decremental algorithm can be derived similarly, in which the target parameter
moves toward 0.

3.2 Multiple Incremental Decremental SVM

Suppose we add m new data points and remove ¢ data points simultaneously. Let us denote the
index set of new adding data points and removing data points as

A={n+1,n+2,--- ,n+m}and R C {1,--- ,n},

respectively, where |R| = £. We remove the elements of R from the sets M,Z and O (i.e. M «—
M\R, T+~ I\Rand O «— O\ R). Letusdefiney = [y1," - ,Yntm) >0 =[a1, ,0nim]
and Q € R(+m)x(n+m) where (i, j)-th entry of Q is Q;;. Whenm = 1,£=0orm = 0,{ = 1,
our method corresponds to the conventional single incremental decremental algorithm. We initially
seta; = 0,Vi € A. If we have y; f(x;) > 1,i € A, we can append these indices to @ and remove
them from .4 because these points already satisfy the optimality condition (1a). Similarly, we can
append the indices {7 | y;f(x;) = 1,7 € A} to M and remove them from .A. In addition, we can
remove the points {i | a; = 0,7 € R} because they already have no influence on the model. Unlike
single incremental decremental algorithm, we need to determine the directions of A 4 and Aok
These directions have a critical influence on the computational cost. For Aaiz, we simply trace the
shortest path to 0, i.e.,

Aar = —nag, 3)

where 7 is a step length. For Ao 4, we do not know the optimal value of x4 beforehand. To
determine this direction, we may be able to use some optimization techniques (e.g. Newton method).
However, such methods usually need additional computational burden. In this paper, we simply take

Aay =n(C1—ay). “)
This would become the shortest path if a; = C, Vi € A, at optimality.

When we move parameters «;, Vi € A U R, the optimality conditions of the other parameters must
be kept satisfied. From y; f(x;) = 1,7 € M, and the equality constraint (1d), we need

> QijAa;+ > QA+ > QiuAa;+yiAb = 0,i€ M, (5)
jeA JER JEM
Z yjAO[j + Z yjAOéj + Z yjAij = 0. (6)
JjEA JER JEM

Using matrix notation, (5) and (6) can be written as
Ab yh Yp Aay
M A R =0 7
[ A ] ’ [ Qua Qur | | Aar ’ @
where

_| 0 yj
M=| o]



From the definitions of the index sets in (2a)-(2c), the following inequality constraints must also be
satisfied:

0<a;+Aa; <C, 1 €M, (8a)
yilf(z:) + Af(z:)} > 1,  i€O, (8b)
yilf(z:) + Af(zi)} <1, i€l (8c)
Since we removed the indices {i | f(x;) > 1} from A, we obtain
yil f(mi) + Af(mi)} <1, i€ A ©)

During the process of moving «;,¢ € A, to C' from 0, if the inequality (9) becomes equality for any
i, we can append the point to M and remove it from 4. On the other hand, if (9) holds until «;
becomes C', the point moves to Z. In the path following literature [8], the region that satisfies (8)
and (9) is called critical region (CR).

We decide update direction by the linear system (7) while monitoring inequalities (8) and (9). Sub-
stituting (3) and (4) to (7), we obtain the update direction
[ Ab (10)

AaM

T T
_ — _paq-1 Ya Yr
} = n¢, where ¢ = —M ] [ —on

C1 - (s W'} :|
Qrma Qumr ’

To determine step length 7, we need to check inequalities (8) and (9). Using vector notation and the
hadamard product ® (element-wise product [9]), we can write

Yo A.f =0 wa where ,(/) = [y Q:,M ] ¢ + Q,A(Cl - aA) - Q:,RaR7 (11)

and the subscription ”:” of Q denotes the index of all the elements {1,--- ,n + m}. Since (10) and
(11) are linear function of 77, we can calculate the set of the largest step length ns for each ¢ at which
the inequalities (8) and (9) becomes equality for i. The size of such ns is M| x 2+ |O] + |Z| + | A|
and we define this set as 7. We determine the step length as follows:
n=min({7 | 7 € X, 7> 0} U{1}).

If n becomes 1, we can terminate the algorithm because all the new data points in A and existing
points in M, O and 7 satisfy the optimality conditions and cxg is 0. Once we decide 7, we can
update anq and b using (10), and a4 and ag using (3) and (4). In the path-following literature,
the points at which the size of linear system (7) is changed are called breakpoints. If the ith data

point reaches bound of any one of the constraints (8) and (9) we need to update M, O and Z. After
updating, we re-calculate ¢, 1) to determine the next step length.

3.3 Empty Margin

We need to establish the way of dealing with the empty margin M. In such case, we can not obtain
the bias from y; f(z;) = 1,7 € M. Then we can only obtain the interval of the bias from

ylf(iL'Z) > 1, 1€ 0,

ylf(:cl) <1, 1€TUA.

To keep these inequality constraints, the bias term must be in

maxy;g; < b < miny;g;, (12)
il il
where
gi=1- ZaiQij - Z a;Qij — Z ;Qij,
€T icA i€ER
and

L={ilicO,y=+1}U{i|icTUAy = -1},
U={i|ieO,y;=-1}U{i|i e TUAy = +1}.

If this empty margin happens during the path-following, we look for the new data points which
re-enter the margin. When the set M is empty, equality constraint (6) becomes

> yilai + Y yila; = né(ar) =0, (13)

€A 1ER



Figure 1: An illustration of the bias in empty margin case. Dotted lines represent y;(g; + Agi (1)),
for each 7. Solid lines are the upper bound and the lower bound of the bias. The bias term is uniquely
determined when u(n) and /(7)) intersect.

where
o) = Zyl(C — ;) — Z%‘%v
i€ A i€ER
We take two different strategies depending on §(cx).

First, if 6 () # 0, we can not simply increase 1 from 0 while keeping (13) satisfied. Then we need
new margin data point m, which enables equality constraint to be satisfied. The index m is either

ljow = Argmaxy;g; or iy, = argmaxy;g;.
i€l ieU

If 410w, tup € O UZ, we can update b and M as follows:
a) >0 = b=y, 9, M= {iw}
0a) <0 = b=y ... M= {low}
By setting the bias terms as above, equality condition
NO() + Ymy Ay, =0
is satisfied. If 40, € A or 4y, € A, we can put either of these points to margin.

On the other hand, if 6(a) = 0, we can increase 7 while keeping (13) satisfied. Then, we consider
increasing 7 until the upper bound and the lower bound of the bias (12) take the same value (the bias
term can be uniquely determined). If we increase 7, g; changes linearly:

Agi(n) = — Z Aa;Qij — Z Ac;Qi; =n{— Z(C —a;)Qij + Z @;Qij }-
JEA JER jeA JER

Since each y;(g; + Agi(n)) may intersect, we need to consider the following piece-wise linear
boundaries:

u(n) = I?e%}yi(giJFAgi(n))v
i) = rjrggyj(gﬁAgj(n))

Figure 1 shows an illustration of these functions. We can trace the upper bound and the lower bound
until two bounds become the same value.

3.4 The number of breakpoints

The main computational cost of incremental decremental algorithm is in solving the linear system
(10) at each breakpoint (The cost is O(] M |?) because we use Cholesky factor update except the first
step). Thus, the number of breakpoints is an important factor of the computational cost. To simplify
the discussion, let us introduce the following assumptions:

e The number of breakpoints is proportional to the total length of the path.
e The path obtained by our algorithm is the shortest one.
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Figure 2: The schematic illustration of the difference of path length and the number of breakpoints.
Each polygonal region enclosed by dashed lines represents the region in which M,Z, O and A
are constant (CR: critical region). The intersection of the path and the borders are the breakpoints.
The update of matrices and vectors at the breakpoints are the main computational cost of path-
following. In the case of Figure 2(a), we add 2 data points. If optimal oy = s = C, our proposed
algorithm can trace shortest path to optimal point from the origin (left plot). On the other hand,
single incremental algorithm moves one coordinate at a time (right plot). Figure 2(b) shows the case
that we add and remove 1 data point, respectively. In this case, if as = C, our algorithm can trace
shortest path to a; = 0,2 = C' (left plot), while single incremental algorithm again moves one
coordinate at a time (right plot).

The first assumption means that the breakpoints are uniformly distributed on the path. The second
assumption holds for the removing parameters avg because we know that we should move ark to 0.
On the other hand, for some of « 4, the second assumption does not necessarily hold because we do
not know the optimal a4 beforehand. In particular, if the point ¢ € 4 which was located inside the
margin before the update moved to M during the update (i.e. the equality (9) holds), the path with
respect to this parameter is not really the shortest one.

To simplify the discussion further, let us consider only the case of | A| = m > 0 and |R| = 0 (the
same discussion holds for other cases too). In this simplified scenario, the ratio of the number of
breakpoints of multiple update algorithm to that of repeated use of single update algorithm is

lecallz : lecalls,

where || @ ||2 is 3 norm and || e ||; is £; norm. Figure 2 illustrates the concept in the case of m = 2.
If we consider only the case of o; = C, Vi € A, the ratio is simply /m : m.

4 Experiments

We compared the computational cost of the proposed multiple incremental decremental algorithm
(MID-SVM) with (repeated use of) single incremental decremental algorithm [1] (SID-SVM) and
with the LIBSVM [10], the-state-of-the-art batch SVM solver based on sequential minimal opti-
mization algorithm (SMO).

In LIBSVM, we examined several tolerances for termination criterion: ¢ = 10*3, 107,109,
When we use LIBSVM for online-learning, alpha seeding [11, 12] sometimes works well. The
basic idea of alpha seeding is to use the parameters before the update as the initial parameter. In
alpha seeding, we need to take care of the fact that the summation constraint &'y = 0 may not be
satisfied after removing as in R. In that case, we simply re-distribute

5= oy

iI€ER

to the in-bound «;, ¢ € {i | 0 < a; < C}, uniformly. If ¢ cannot be distributed to in-bound as, it is
also distributed to other as. If we still can not distribute § by this way, we did not use alpha-seeding.

For kernel function, we used RBF kernel K (x;,x;) = exp(—v||z; — x;||?). In this paper, we
assume that the kernel matrix K is positive definite. If the kernel matrix happens to be singular,
which typically arise when there are two or more identical data points in M, our algorithm may not
work. As far as we know, this degeneracy problem is not fully solved in path-following literature.
Many heuristics are proposed to circumvent the problem. In the experiments described below, we



Figure 3: Artificial data set. For graphical simplicity, we plot only a part of data points. The cross
points are generated from a mixture of two Gaussian while the circle points come from a single
Gaussian. Two classes have equal prior probabilities.

use one of them: adding small positive constant to the diagonal elements of kernel matrix. We set
this constant as 1075, In the LIBSVM we can specify cache size of kernel matrix. We set this cache
size enough large to store the entire matrix.

4.1 Artificial Data

First, we used simple artificial data set to see the computational cost for various number of adding
and/or removing points. We generated data points (x,y) € R? x {41, —1} using normal distri-
butions. Figure 3 shows the generated data points. The size of initial data points is n = 500. As
discussed, adding or removing the data points with o; = 0 at optimal can be performed with al-
most no cost. Thus, to make clear comparison, we restrict the adding and/or removing points as
those with «; = C' at optimal. Figure 4 shows the log plot of the CPU time. We examined several
scenarios: (a) adding m € {1,---,50} data points, (b) removing ¢ € {1,--- ,50} data points, (c)
adding m € {1,---,25} data points and removing ¢ € {1,---,25} data points simultaneously.
The horizontal axis is the number of adding and/or removing data points. We see that MID-SVM
is significantly faster than SID-SVM. When m = 1 or £ = 1, SID-SVM and MID-SVM are identi-
cal. The relative difference of SID-SVM and MID-SVM grows as the m and/or ¢ increase because
MID-SVM can add or remove multiple data points simultaneously while SID-SVM merely iterates
the algorithm m + £ times. In this experimental setting, the CPU time of SMO does not change
largely because m and ¢ are relatively smaller than n. Figure 5 shows the number of breakpoints
of SID-SVM and MID-SVM along with the theoretical number of breakpoints of the MID-SVM in
Section 3.4 (e.g., for scenario (a), the number of breakpoints of SID-SVM multiplied by /m/m).
The results are very close to the theoretical one.

4.2 Application to Online Time Series Learning

We applied the proposed algorithm to a online time series learning problem, in which we update the
model when some new observations arrive (adding the new ones and removing the obsolete ones).
We used Fisher river data set in StatLib [13]. In this data set, the task is to predict whether the mean
daily flow of the river increases or decreases using the previous 7 days temperature, precipitation
and flow (x; € R?!). This data set contains the observations from Jan 1 1988 to Dec 31 1991.
The size of the initial data points is n = 1423 and we set m = ¢ = 30 (about a month). Each
dimension of & is normalized to [0,1]. We add new m data points and remove the oldest ¢ data
points. We investigate various settings of the regularization parameter C' € {1071,10°,--- ,10°}
and kernel parameter v € {1072,1072,10~%, 10°}. Unlike previous experiments, we did not choose
the adding or removing data points by its parameter. Figure 6 shows the elapsed CPU times and
Figure 7 shows 10-fold cross-validation error of each setting. Each figure has 4 plots corresponding
to different settings of kernel parameter . The horizontal axis denotes the regularization parameter
C. Figure 6 shows that our algorithm is faster than the others, especially in large C. It is well
known that the computational cost of SMO algorithm becomes large when C' gets large [14]. Cross-
validation error in Figure 7 indicates that the relative computational cost of our proposed algorithm
is especially low for the hyperparameters with good generalization performances in this application
problem.
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5 Conclusion

We proposed multiple incremental decremental algorithm of the SVM. Unlike single incremen-
tal decremental algorithm, our algorithm can efficiently work with simultaneous addition and/or
removal of multiple data points. Our algorithm is built on multi-parametric programming in the
optimization literature [8]. We previously proposed an approach to accelerate Support Vector Re-
gression (SVR) cross-validation using similar technique [15]. These multi-parametric programming
frameworks can be easily extended to other kernel machines.
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