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Abstract

We develop two approaches for analyzing the approximation error bound for the Nystrom
method, one based on the concentration inequality of integral operator, and one based on
the compressive sensing theory. We show that the approximation error, measured in the
spectral norm, can be improved from O(N/y/m) to O(N/m'~?) in the case of large eigen-
gap, where N is the total number of data points, m is the number of sampled data points,
and p € (0,1/2) is a positive constant that characterizes the eigengap. When the eigenval-
ues of the kernel matrix follow a p-power law, our analysis based on compressive sensing
theory further improves the bound to O(N/mP~1) under an incoherence assumption, which
explains why the Nystrom method works well for kernel matrix with skewed eigenvalues.
We present a kernel classification approach based on the Nystrém method and derive its
generalization performance using the improved bound. We show that when the eigenval-
ues of kernel matrix follow a p-power law, we can reduce the number of support vectors
to sz/(p2—1)7 a number less than N when p > 1 + /2, without seriously sacrificing its
generalization performance.

1. Introduction

The Nystrom method has been widely applied in machine learning to approximate large
kernel matrices to speed up kernel algorithms (Williams and Seeger, 2001; Drineas and
Mahoney, 2005; Fowlkes et al., 2004; Kumar et al., 2009; Silva and Tenenbaum, 2003;
Platt, 2004; Talwalkar et al., 2008; Zhang et al., 2008; Belabbas and Wolfe, 2009; Talwalkar
and Rostamizadeh, 2010; Cortes et al., 2010). In order to evaluate the quality of the
Nystrom method, we typically bound the norm of the difference between the original kernel
matrix and the low rank approximation created by the Nystrom method. Several analysis
were developed to bound the approximation error of the Nystrom method (Drineas and
Mahoney, 2005; Kumar et al., 2009; Belabbas and Wolfe, 2009; Li et al., 2010; Talwalkar
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and Rostamizadeh, 2010; Mackey et al., 2011; Gittens, 2011). Most of them focus on
additive error bound, and base their analysis on the theoretical results from (Drineas and
Mahoney, 2005). When the target matrix is of low rank, significantly better bounds for the
approximation error of the Nystrom method were given in (Talwalkar and Rostamizadeh,
2010) and (Mackey et al., 2011). They are further generalized to kernel matrix of an
arbitrary rank by a relative error bound in (Gittens, 2011). Although a relative error
bound is usually tighter than an additive bound (Mahoney, 2011), the relative error bound
in (Gittens, 2011) is proportional to N, where N is the total number of data points, making
it unattractive for kernel matrix of very large size. In this study, we focus on the additive
error bound of the Nystrom method for general matrices, and will compare our results
mainly to the ones stated in (Drineas and Mahoney, 2005) !. Below, we review the main
results in (Drineas and Mahoney, 2005) and their limitations.

Let K € RV*N be the kernel matrix to be approximated, and A;,i = 1,..., N be the
eigenvalues of K ranked in the descending order. Let K (r) be an approximate kernel matrix
of rank r generated by the Nystrom method. Let m be the number of columns sampled from
K used to construct K (r). Then, under the assumption K;; = O(1), Drineas and Mahoney
(2005) showed that for any m uniformly sampled columns 2, with a high probability,

1K — R(r)lls < Ayr + 0 (%) |

where || - ||2 stands for the spectral norm of a matrix. By setting r» = m, the bound in (1)
becomes
~ N
K — K(m)ll2 < Ami1 + O NG (1)

The main problem with the bound in (1) is its slow reduction rate in the number
of sampled columns (i.e., O(m~'/?)), implying that a large number of samples is needed
in order to achieve a small approximation error. In this study, we aim to improve the
approximation error bound in (1) by considering two special cases of the kernel matrix K.
In the first case, we assume there is a large eigengap in the spectrum of K. More specifically,
we assume there exists a rank » € [N] such that A\, = Q(N/m?) and \,;1 = O(N/m!'~*),
where p < 1/2. Here, parameter p is introduce to characterize the eigengap A\, — A.+1: the
smaller the p, the larger the eigengap will be. We show that the approximation error bound
is improved to O(N/m!~?) in the case of large eigengap. The second case assumes that the
eigenvalues of K follow a p-power law with p > 1. We show that the approximation error
is improved to O(N/mP~!) provided that the eigenvector matrix satisfies an incoherence
assumption . This result explains why the Nystrém method works well for kernel matrices
with skewed eigenvalue distributions (Talwalkar and Rostamizadeh, 2010).

The second contribution of this study is a kernel classification algorithm that explicitly
explores the improved bounds of the Nystrom method developed here. We show that when

1. For completeness, we did include the comparison to the relative error bound in (Gittens, 2011) in the
later remarks.

2. Although the main results in (Drineas and Mahoney, 2005) use a data dependent sampling scheme, it
was stated in the original paper that the results also hold for uniform sampling.

3. A similar assumption was used in the previous analysis of the Nystrom method (Talwalkar and Ros-
tamizadeh, 2010; Mackey et al., 2011; Gittens, 2011).



the eigenvalues of the kernel matrix follow a p-power law with p > 1, we can construct a
kernel classifier that yields a similar generalization performance as the full version of kernel
classifier but with no more than N2P/(?*~1) support vectors, which is sublinear in N when
p > (1 ++/2). Although the generalization error bound of using the Nystrém method for
classification has been studied in (Cortes et al., 2010), to the best of knowledge, this is the
first work that bounds the number of support vectors using the analysis of the Nystrom
method.

2. Notations and Background

Let D = {x1,...,xn} be a collection of N samples, where x; € X, and K = [k(x;,X;)|nxN
be the kernel matrix for the samples in D, where k(-, ) is a kernel function. For simplicity, we
assume k(x,x) < 1 for any x € X. We denote by (v;, \;),i =1,..., N the eigenvectors and
eigenvalues of K ranked in the descending order of eigenvalues, and by V' = (v, - ,vy)
the orthonormal eigenvector matrix. In order to build the low rank approximation of kernel
matrix K, the Nystrom method first samples m < N examples randomly from D, denoted
by D = {X1,...,%m}. Let K = [£(Xi, X;)|mxm measure the kernel similarity between any
two samples in D and Kj, = [k(x4,X;)]Nxm measure the similarity between the samples in
D and D. Using the samples in ﬁ, with rank r set to m (or the rank of K if it is less
than m), the Nystrom method approximates K by Kbl? TK bT , where K1 denote the pseudo
inverse of K. Our goal is to provide a high probability bound for the approximation error
HK - KbI?TKbTHj We choose 7 = m (or the rank of K) because according to (Drineas and

Mahoney, 2005; Kumar et al., 2009), it yields the best approximation error for a non-singular
kernel matrix.

In this study, we focus on the spectral norm for measuring the approximation error,
which is particularly suitable for kernel classification (Cortes et al., 2010). We also restrict
the analysis to the uniform sampling for the Nystrom method. Although different sampling
approaches have been suggested for the Nystrom method (Drineas and Mahoney, 2005;
Kumar et al., 2009; Zhang et al., 2008; Belabbas and Wolfe, 2009), according to (Kumar
et al., 2009), for real-world datasets, uniform sampling is the most efficient and yields
performance comparable to the other sampling approaches. We notice that in (Belabbas
and Wolfe, 2009), the authors show a significantly better approximation bound for the
Nystrém method when employing the determinantal process (Hough et al., 2006) for column
selection; however, it is important to point out that the determinantal process is usually
computationally expensive as it requires computing the determinant of the submatrix for the
selected columns/rows, making it unsuitable for the case when a large number of columns
are needed to be sampled.

Our analysis for the Nystrom method extensively exploits the properties of the integral
operator. This is in contrast to most of the previous studies for the Nystrom method that
rely on matrix analysis. The main advantage of using the integral operator is its convenience
in handling the unseen data points (i.e., test data), making it attractive for the analysis of
generalization error bounds. In particular, we introduce a linear operator Ly defined over



the samples in D. For any function f(-), operator Ly is defined as

1N
= — /{x,
N; ‘

It can be shown that the eigenvalues of the operator Ly are A\;/N,i = 1,..., N (Smale
and Zhou, 2009). Let ¢1(-),...,¢n(-) be the corresponding eigenfunctions of Ly that are
normalized by functional norm, i.e., (pi,¢;)n, = 6(i,4),1 < i < j < N, where (-, )y,
denotes the inner product in H,. According to (Smale and Zhou, 2009), the eigenfunctions
satisfy

N
\/_('pj Z I{(Xw )7] = 17 7N7 (2)
i=1

where V; ; is the (7, j)th element in V. Similarly, we can write x(x;, -) by its eigen-expansion
as

K(xj,) Z\/_V,% ),7=1,...,N. (3)

Furthermore, let L,, be an operator defined on the samples in 75, ie.,

m
1
— E K X27 XZ
m

=1

Finally we denote by (f,¢)%,. and || f|#, the inner product and function norm in Hilbert
space H,, respectively, and denote by || L|| s and || L||2 the Hibert Schmid norm and spectral
norm of a linear operator L, respectively, i.e.

ILlms = > (¢i Lgs)3, and |[Ll|2 = vk H Fllrte
2
where {¢;,7 = 1,--- , } is a complete orthogonal basis of H,. The two norms are the analogs

of Frobenius and spectral norm in Euclidean space, respectively. In the following analysis,
omitted proofs are presented in the appendix.

3. Approximation Error Bound by the Nystrom Method

Our first step is to turn ||K — K, K TK,"||2 into a functional approximation problem. To this
end, we introduce two sets:

He = Span( (ﬁlv')v'-'yﬁ(ﬁmf))
N

{ Zu, k(X4 +) .Zu?ﬁl},
i=1

where H, is the subspace spanned by kernel functions defined on the samples in ﬁ, and Hy
is a subset of a functional space spanned by kernel functions defined on the samples in D



with bounded coefficients. Using the eigen-expansion of k(x;,-) in (3), it is straightforward
to show that H,;, can be rewritten in the basis of the eigenfunctions {¢; },

N N
Hp = {f(') =Y wivNigi(-) 1 Y wi < 1} :
i=1 i=1
Define £(g,H,) as the minimum error in approximating a function g € H; by functions
in H,, ie.,
E(g,Hy) = min ||f — g2
(9,Ha) = min [If = gll3,
= 1130, + 913, —2(f,9)5, -

Define £(H,) as the worst error in approximating any function g € H; by functions in H,,
ie.,

E(Ha) = gngﬁf(g,ﬂa)- (4)

The following proposition connects HK - KbI?TKbTH2 with E(H,).
Proposition 1 For any random samples X1, ...,X,, we have
HK - be?TKJHQ = E(Ha).

Proof Since g € Hp and f € H,, we can write g and f as
N m
g= Zum(xi, ) and f= Z zik(Xi, ),
i=1 i=1

where u = (ug,...,uy)’ € RV satisfies |ufs <1 and z = (21,...,2,)" € R™. We thus
can rewrite (g, H,) as an optimization problem in terms of z, i.e.,

E(g, Ha) = zrélﬂi%% z Kz —2u' Kz +u' Ku

—u' <K _ be(TKbT> u,
and therefore

E(Ha) = ;Ié?‘_[)z 5(97 Ha)

— max u' (K - be?TKJ) u

lull2<1

- HK—be(TKJHZ.



m
Remark 2 We can restrict the space H, to its subspace H;, = {Z zik(Xi,+) + z € span(Vy,. .. ,f/})},
i=1

where Vi, i = 1,...,r are the first r eigenvectors of I?, to conduct the analysis for the rank
r < m approximation of the Nystrém method.

To proceed our analysis, for any r € [N] we define

Hy = span(pi(-), -+ @r (1)),

Hr = Span(cpr+l(')7 o 7901\7('))7

1~ {f<-> S ) Yt < 1},
=1

i=1

. N-—r N-—r

Hy = {f(') = Z Wi/ XitrPigr(+) Z wi < 1}-
i=1 i=1

Define &(Hq,r) = max E(g,Ma) as the worst error in approximating any function g € Hj
geH;

by functions in H,. The proposition below bounds E(H,) by E(Ha, 7).
Proposition 3 For any r € [N], we have
E(Ma) <max (E(Ha,r), Mrt1) < E(Ha, ) + At

Proof We first note that for any f € H, can be written as f = f1+ fo, where f1 € H,NH,,
and fo € Hqo NH,. For any g € H;, we can write g = g1 + g2, where g € V1 —dHj,
g2 € V/OH,, and § € [0, 1]. Using these notations, we rewrite £(H,) as

E(Ha)

= max min |[fi — g1l* + 12 — 9213,
6 €[0,1] fieHaNH,
916\/1—57'[;; f2€Haer
g2 € \/SWZ

< max (1 — ) max min —gll2, + dmax 2

< (= O)mas min, 11 — ol + 0 max gl

= max {(1 —¢) max min || f — gH%{N + 6 max HQH%{,@}

56[0,1] gEHZ feHa gEH,
- énl[g‘)i](l - 6)5(Ha7 T) + 6)\7“4-1 = max (E(Haa T)7 )\r—i-l) ’
€10,
h h lity foll hat f T, mi —g|3, = i —g|?
where the second equality follows that for any g € Hj, }Helgi If—all5, fe%alr]%ir If—all%,
and the last inequality follows the definition of &(H,, ). [ |

As indicated by Proposition 3, in order to bound the approximation error £(H,), we
can bound &(H,,r), namely the approximation error for functions in the subspace spanned
by the top eigenfunctions of Ly. In the next two subsections, we discuss two approaches



for bounding £(H,,7): the first approach relies on the concentration inequality of integral
operator (Smale and Zhou, 2009), and the second approach explores the compressive sensing
theory (Candés and Romberg, 2007). Before proceeding to upper bound £(H,), we first
provide a lower bound for E(H,,).

Theorem 4 There exists a kernel matriz K € RN*N with all its diagonal entries being 1
such that for any sampling strategy that selects m columns, the approximation error of the
Nystrém method is lower bounded by QL) i.e.,

HK - be?TKJH >0 <E> ,
2 m

provided N > 64[In 4]>m?.

Remark 5 Theorem /J shows that the lower bound for the approzimation error of the
Nystrom method is Q(N/m). The analysis developed in this work aims to bridge the gap
between the known upper bound (i.e., O(N/y/m)) and the obtained lower bound.

3.1 Bound for £(H,,r) using Concentration Inequality of Integral Operator

In this section, we bound £(H,,r) using the concentration inequality of integral opera-
tor. We show that the approximation error of the Nystrém method can be improved to
O(N/m'~P) when there is a large eigengap in the spectrum of kernel matrix K, where
p < 1/2 is introduced to characterize the eigengap. We first state the concentration in-
equality of a general random variable.

Proposition 6 (Proposition 1 (Smale and Zhou, 2009)) Let & be a random variable on
(X, Py) with values in a Hilbert space (H,|| - ||). Assume ||£]] < M < oo is almost sure.
Then with a probability at least 1 — §, we have

— > &(xi) —E[¢]|| < —m

m
1=1

1 & H _ 4M In(2/9)

The approximation error of the Nystrém method using the concentration inequality is
given in the following theorem.

Theorem 7 With a probability at least 1 — 0, for any r € [N], we have

16[In(2/0)]2N?

e
MAy

+ )‘T’-i-l'

We consider the scenario where there is very large eigengap in the spectrum of kernel
matrix K. In particular, we assume that there exists a rank r and p € (0,1/2) such that
A = Q(N/mP) and A\,y1 = O(N/m!'~P). Parameter p is introduced to characterize the
eigengap which is given by

N N N 1



Evidently, the smaller the p, the larger the eigengap. When p = 1/2, the eigengap is small.
Under the large eigengap assumption, the bound in Theorem 7 is simplified as

sl <o(25,) o

Compared to the bound in (1), the bound in (5) improves the approximation error from

O(N/y/m) to O(N/m'=P), when p < 1/2.
To prove Theorem 7, we define two sets of functions

H. = {h => wiv/higi(-) : % > win} < 1} :
=1 i=1

Hy={f€He: |flF,. <N*/\}.

where r corresponds to the rank with a large eigengap. It is evident that H; C H/; and for
any g € Hj, it can also be written as g = Ly/[h], where h € H].
Using H[ and H};, we have
E(Hq,7) = max E(g, Hy) = max min ||Lyh — f|3
(Ha,7) o (9, Ha) max min [Lnh = fll%,

< max min |[Lyh — f|j3, .

T heN], feHa 1Ewh = £l
By constructing f as L,,[h] we can bound &(H,,r) as

E(Hg,r) < max min |[Ly(h) — f||2
(Ha,7) < pax min LN (h) = fli3,

< _ 2
< g (L = L)l

o N?
25
N2
<L~ Llis 5 (6)
r

IN

1L = L]

where the last step follows the fact ||[Ly — Ly,|l2 < ||[Ly — Li||gs. The following corol-

lary allows us to bound the difference between Ly and L, and follows immediately from
Proposition 6.

Corollary 8 With a probability 1 — 6, we have

1Ly — Lol < 202/0).

3

Finally, Theorem 7 follows directly the inequality in (6) and the result in Corollary 8.

3.2 Bound for £(H,,r) using Compressive Sensing Theory

In this subsection, we aim to develop a better error bound for the Nystrom method for
kernel matrices with eigenvalues that follow a power law distribution. Owur analysis ex-
plicitly explores some of the key results in the theory of compressive sensing (Candés and



Romberg, 2007; Donoho, 2006). To this end, we first introduce the definition of the power
law distribution of eigenvalues (Koltchinskii and Yuan, 2010; Kloft and Blanchard, 2011).
The eigenvalues o;,i = 1,... ranked in the non-increasing order follows a p-power law
(distribution) if there exists constant ¢ > 0 such that

o < ck™P.

In the sequel, we assume the normalized eigenvalues \;/N,i =1,..., N (i.e., the eigen-
values of the operator Ly), follow a p-power law distribution *. A well-known example of
kernel with a power law eigenvalue distribution (Koltchinskii and Yuan, 2010) is the kernel
function that generates Sobolev Spaces W®2(T%) of smoothness a > d/2, where T is d-
dimensional torus. Its eigenvalues follow a p-power law with p = 2a > d. It is also observed
that the eigenvalues of a Gaussian kernel by appropriately setting the width parameter
follow a power law distribution (Ji et al., 2012).

In order to exploit the compressive sensing theory (Candés and Romberg, 2007), we
introduce the definition of the coherence p for the eigevenvector matrix V = (vq,...,vy)
as

p=VN max_ |Vij|.
1<i,j<N
Intuitively, the coherence measures the degree to which the eigenvectors in V' are correlated
with the canonical bases. According to the theory of compressive sensing, highly coherent
matrices are difficult (even impossible) to be recovered by matrix completion with random
sampling. As observed in previous studies (Talwalkar and Rostamizadeh, 2010) and seen
later in our analysis, the coherence of V also plays an important role in measuring the
approximation performance of the Nystrom method using an uniform sampling.

The coherence measure was first introduced into the error analysis of the Nystrom
method by Talwalkar and Rostamizadeh (Talwalkar and Rostamizadeh, 2010). Their anal-
ysis shows that a low rank kernel matrix with incoherent eigvenvectors (i.e., with low coher-
ence) can be accurately approximated by the Nystrém method using an uniform sampling.
This result is generalized to noisy observation in (Mackey et al., 2011) for low rank matrix.
The main limitation of these results is that they only apply to low rank matrices. Recently,
A. Gittens (Gittens, 2011) developed a relative error bound of the Nystrom method for
kernel matrices with an arbitrary rank using a slightly different coherence measure. Unlike
the previous studies, we focus on the error bound of the Nystrom method for kernel ma-
trices with an arbitrary rank and a skewed eigenvalue distribution. The main result of our
analysis is given in the following theorem.

Theorem 9 Assume the eigenvalues N\;/N,i = 1,..., N follow a p-power law with p > 1.
Given a sufficiently large number of samples, i.e.,

In N\ ?
m > p? max (16 <n_> ,2C,In(3N3),4C%, ln2(3N3)>
v

4. We assume a power law distribution for the normalize eigenvalues \; /N because the eigenvalues \; of K
scales in V.



we have, with a probability 1 — 2N 3,

o] <0 ().

where 6() suppresses the polynomial factor that depends on In N, and Cyy is a numerical
constant as revealed in our later analysis.

Remark 10 Compared to the approzimation error in (1), Theorem 9 improves the bound
from O(N/y/m) to O(N/mP~1) provided the eigenvalues of kernel matriz follow a power law.
For the relative error bound given in (Gittens, 2011), the approzimation error is dominated
by O(N?/mPT1) for eigenvalues following a p-power law. It is straightforward to see that
the result in Theorem 9 is better than O(N?/mPT1) when m < V/N, a favorable setting
when N is very large and m is small. Finally it is worth noting that similar to (Talwalkar
and Rostamizadeh, 2010; Mackey et al., 2011; Gittens, 2011), the bound in Theorem 9 is
meaningful only when the coherence u of the eigenvector matriz is small (i.e., the eigenvector
matrixz satisfies the incoherence assumption).

We emphasize that the result in Theorem 9 does not contradict the lower bound given
in Theorem 4 because Theorem 9 holds only for the cases when eigenvalues of the kernel
matrix follow a power law. In fact, an updated lower bound for kernel matrix with a skewed
eigenvalue distribution is given in the following theorem.

Theorem 11 There exists a kernel matriz K € RN*N with all its diagonal entries being 1
and its eigenvalues following a p-power law such that for any sampling strategy that selects
m columns, the approzimation error of the Nystrom method is lower bounded by Q(%),
i.e.,

N

HK - be?TKJHQ >0 <ﬁ> :

provided N > 64[In 4]>m?.

We skip the proof of this theorem as it is almost identical to that of Theorem 4. The gap
between the upper bound and the lower bound given in Theorems 9 and 11 indicates that
there is potentially a room for further improvement .

Next, we present several theorems and corollaries to pave the path for the proof of Theo-
rem 9. We borrow the following two theorems from the compressive sensing theory (Candés
and Romberg, 2007) that are the key to our analysis.

Theorem 12 (Theorem 1.2 from (Candés and Romberg, 2007)) Let V' be an N x N orthog-
onal matriz (V'V = I) with coherence . Fix a subset T of the signal domain. Choose a
subset S of the measurement domain of size |S| = m uniformly at random. Suppose that the
number of measurements m obeys m > |T|u? max (Cy In|T|,CyIn(3/5)) for some positive
constants Cy, and Cy. Then

NoT
P — Ver —1

> 1/2> < 6.

2

10



Theorem 13 (Lemma 3.3 from (Candés and Romberg, 2007)) Let V', S, and T be the same
as defined in Theorem 12. Letu, be the k-th row OfV;:*VS,T- Define 0? = p?mmax (1, u|T|//m).

Fiz a > 0 obeying a < (m/p*)V* if u|T|//m > 1 and a < (m/[p?|T|)"/? otherwise. Let
Z), = (VST’TV57T)_1uk. Then, we have
Pr (sup lzx |2 > 2u~/|T|/m + 2a0/m>
keTe
m
< Nexp(—ya?) + Pr ([[VdpVarllz < 51

for some positive constant v, where T¢ stands for the complementary set to T.

Combining the results from Theorem 12 and Theorem 13, we have the following high
probability bound for supycre |22

Corollary 14 If |T'| > max <C’ab ln(3N3),4¥>, and

In N\ ?
2 max (\T]Cab In(3N?%), 16 <HT> ) <m < p?|TP,

where Cyp = max(Cy, Cy), then with a probability 1 — 2N 3, we have

T
sup [|z[l2 < 4p u
keTe m

Using Corollary 14, we have the following bound for £(H,, 7).
Theorem 15 If r > max(Cy In(3N3),41n N/v) and

2 3 In N 2,2
pmax [ 7Cop In(3N7), 16 - <m < pore,

then, with a probability 1 — 2N 3, we have

N
16,u2r
£ a < E N
Har) = m i=r+1

Proof For the sake of simplicity, we assume that the first m examples are sampled, i.e.,
D= {x1,...,xm}. For any g € Hj, we have g(-) = >\, wi/\il/2<,0i(-), with Y0 w? < 1.
Below, we will make specific construction of f based on g that ensures a small approximation
error. Let f be

m N m
FO =3 aim(x,) = > @M | D a4V
j=1 j=1

i=1

al 1/2
=020,
=1

11



where b; = ZT:l a;Vjii=1,...,N, and the value of a = (ai,...,a;)" will be given later.
Define T'={1,...,r} and S = {1,...,m}. Under the condition that

m > rp? max (C,, Cp)) In(3N3)
> rp? max (C’a Inr, Cy ln(3N3)) )

Theorem 12 holds, and therefore with a probability at least 1 — N3,

m 3m
W < /\min (VQ:TVS,T) < /\max (VQ:TVS,T) < W (7)
-1
We construct a as a = Vg r [Vsj,—TV&T} w, where w = (wq, ... ,wr)T. Since
-1
b=Vi.a=V.Vsr (VirVer) w,
where b = (by,--- ,by)", it is straightforward to see that bj = w; for j € T. Using the

result from Corollary 14, we have, with a probability at least 1 — 2N 73,

"
bil < ; <4 —
Jngzgl il < ]ng%\lzg\lzllvvlb < dpy [

-1
where ij is the j-th row of matrix VST Ve <VST TVS7T) . We thus obtain

1/2 ’ 1627
A b (- < Ai
S0 <19 5

eTe H i=r-+1

1f = gll3, =

Hence,

16427 al
E(Hq,r) = max min || f —g||3, < A
(Marr) = max min |If = gy, < =7 ;1

Remark 16 [t is worthwhile to compare the result in Theorem 15, i.e., E(Hq,7) = O <u2r Zij\;r—i—l )\,/m) ,
to the relative error bound given in (Gittens, 2011), i.e., E(Ha,7) < O (My1N/m). In

the case when the eigenvalues decay fast (e.g., eigenvalues follow a power law), we have
Zi]\ir 11N K Ny, and therefore our bound is significantly better than the relative bound
in (Gittens, 2011). On the other hand, when eigenvalues follow a flat distribution (e.g.,
Ai & A\py1 for all i € [r+2,N]), we have Zi]\irﬂ Ai & NAq11, and therefore our bound is

worse than the relative bound in (Gittens, 2011) by a factor of yu*r.

Finally, we show the proof of Theorem 9 using Theorem 15.

Proof [Proof of Theorem 9] Let r = LFC+H(3N3)J’ then

12rCypIn(3N3) < m < p?r?,
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m
2u2C 4, In(3N3)’
Then the conditions in Theorem 15 hold and we have

where the right inequality follows that r > and m > 4p2C% In?(3N3).

HK _ be(TKJHQ < max (&(Ha, ), Ars)

164%r al
§max< 77@ ,1) Z A

i=r+1

Since max(16u?r/m,1) < O(1) due to the specific value we choose for r, and Zij\;r—i—l Ai <
O(N/rP=1) due to the power law distribution, then

5~ mktS |, <0(25) <0 ().

rp—1 mp—1

4. Application of the Nystrom Method to Kernel Classification

Although the Nystrom method was proposed in (Williams and Seeger, 2001) to speed up
kernel machine, few studies examine the application of the Nystrom method to kernel clas-
sification. In fact, to the best of our knowledge, (Williams and Seeger, 2001) and (Cortes
et al., 2010) are the only two pieces of work that explicitly explore the Nystrom method for
kernel classification. The key idea of both works is to apply the Nystrom method to approx-
imate the kernel matrix with a low rank matrix in order to reduce the computational cost.
More specifically, we consider the following optimization problem for kernel classification

A N
pin EN() = TR+ oy 22 T ), ®)

where y; € {—1,+1} is the class label assigned to instance x;, and £(z) is a convex loss
function. To facilitate our analysis, we assume (i) £(z) is strongly convex with modulus o,
ie. [("(2)] > o ®°, and (ii) £(2) is Lipschitz continuous, i.e. [¢'(z)| < C for any z within
the domain. Using the convex conjugate of the loss function £(z), denoted by £, (a), o € €,
where (2 is the domain for dual variable o, we can cast the problem in (8) into the following
optimization problem over «

N

1 1 -
W2 T 2 ) gyl e v K wey), ®

with the solution f given by f = —ﬁ f\i 1 iYik(Xi, ). By the Fenchel conjugate theory,

we have maé<|oz|2 < C2. because |[0'(z)| < C.
aE

5. Loss functions such as square loss used for regression and logit function used for logistic regression are
strongly convex

13



To reduce the computational cost, Williams and Seeger (2001) and Cortes et al. (2010)
suggest to replace the kernel matrix K with its low rank approximation K = KbK TKb ,
leading to the following optimization problem for «

_ T~
{ocilggi]-il Z€ a;) 2)\NQ(aoy) K(aoy). (10)

One main problem with this approach is that although it simplifies the computation of
kernel matrix, it does not simplify the classifier f, because the number of support vectors,
after the application of the Nystrom method, is not guaranteed to be small (Dekel and
Singer, 2006; Joachims and Yu, 2009), leading to a high computational cost in performing
function evaluation.

We address this difficulty by presenting a new approach to explore the Nystrom method
for kernel classification. Similar to the previous analysis, we randomly select a subset of

training examples, denoted by D = (X1,...,Xm), and restrict the solution of f(-) to the
subspace H, = span(k(X1,-),...,k(Xm,")), leading to the following optimization problem
A 1
; — 2 . )
o Ln(f) = §||f||m ¥ Zf(yzf(xz))- (11)

The following proposition shows that the optimal solution to (11) is closely related to the
optimal solution to (10).

Proposition 17 The solution f to (11) is given by

1 «— _
f - _m;'zityiﬁ(xia')a

where z = IA(TKbToz and a is the optimal solution to (10).

It is important to note that the classifier obtained from (11) is only supported by the
sampled training examples in ﬁ, which significantly reduces the complexity of the kernel
classifier compared to the approach suggested in (Williams and Seeger, 2001; Cortes et al.,
2010). We also note that the proposed approach is equivalent to learning a linear classifier
by representing each instance x with the vector

o(x) = DV T (k(X1,%), ..., K(Zpm, %)),

where D is a diagonal matrix with non-zero eigenvalues of K , and V is the corresponding
eigenvector matrix. Although this idea has already been adopted by practitioners, we are
unable to find any reference on its empirical study. The remaining of this work is to show
that this approach could have a good generalization performance provided that the eigen-
values of kernel matrix follow a skewed distribution. Below, we develop the generalization
error bound for the classifier learned from (11).

Let fn and f§ be the optimal solutions to (8) and (11), respectively. Let f* be the
optimal classifier that minimizes the expected loss function, i.e.,

f* = arg minP(E © f) £ E(x,y) [E(yf(x))] :
feHtx

14



Let || fI|7, = Ex[|f(x)[?] denote the £ norm square of f. In order to create a tight bound,
we exploit the technique of local Rademacher complexity (Bartlett et al., 2002; Koltchinskii,

2011). Define 9 (-) as
, N 1/2
— —Zmin(52,/\i)> :
<N i=1

Let € be the solution to £2 = (&) where the existence and uniqueness of £ is determined
by the sub-root property of () (Bartlett et al., 2002). Finally we define

6ln NV
= 12
€ = max (6 N > (12)

Theorem 18 Assume with a probability 1 — 2N 3, £(H,) < I'(N,m), where I'(N,m) is
some function depending on N and m. Assume that N is sufficiently large such that

a * <

N
6In N’

N
max ([| /]| 2o, £ ]lz.) < 7

Then, with a probability at least 1 — 4N ~3, we have

C?T'(N,m)
AN

+CCe™

P(Lo f&) < P(Lo f*) + 2X[| f*|3, +
202C%e*  20%C%2
h\ +

where € is given in (12) and Cy is a constant independent from m and N. By choosing A
that minimizes the above bound, we have

a s « L'(N,m)
P(lo ff) < P(o f*) + 4| f*||ln.eC C%*‘w

2
2010 St + 01Ce

Remark 19 In the case when the eigenvalues of the kernel matrix follow a p-power law
with p > 1, we have €2 = O(N—P/®+1)) according to (Koltchinskii and Yuan, 2010), and
I'(N,m) = O(N/mP~1) according to Theorem 9. Applying these results to Theorem 18, the
generalization performance of fy becomes

. . CyC?
P(Lo ff) < P(Co f*) + 2\ £, + =

205C2N~20/(p+1) o0, C2N—P/(+1)
+
A o

+CyCe™N

(13)

15



where Cy, Cs, and Cy are constants independent from N and m. By choosing \ that
minimizes the bound in (13), we have

. o2 A N N2/
2C4C2 -N
SNPGTD + C1Ce

=P(lof)+0 ( N-P/(+D) | m—<p_1>/2) ‘

As indicated by above inequality, when the eigenvalues of the kernel matrix follow a p-
power law, by setting m = N2P/ (p2_1), we are able to achieve similar performance as the full
version of kernel classifier (i.e., O(N~P/(P+1))). In other words, we can construct a kernel
classifier without sacrificing its generalization performance with no more than N2/ (p?=1)
support vectors, which could be significantly smaller than N when p > (1 + \/5) For the
example of kernel that generates Sobolev Spaces W2(T9) of smoothness a > d/2, where
T is d-dimensional torus, its eigenvalues follow a p-power law with p = 2a > d, which is
larger than (1 ++/2) when d > 3.

5. Conclusion

We develop new methods for analyzing the approximation bound for the Nystréom method.
We show that the approximation error can be improved to O(N/m!~") in the case when
there is a large eigengap in the spectrum of a kernel matrix, where p € (0,1/2) is introduced
to characterize the eigengap. When the eigenvalues of a kernel matrix follow a p-power law,
the approximation error is further reduced to O(NN/mP?~1) under an incoherence assumption.
We develop a kernel classification approach based on the Nystrom method and show that
when the eigenvalues of a kernel matrix follow a p-power law (p > 1), we can reduce the
number of support vectors to N2/ (p2_1), which could be significantly less than N if p is
large, without seriously sacrificing its generalization performance.
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Appendix
Proof of Theorem 4

We argue that there exists a kernel matrix K such that (i) all its diagonal entries equal to
1, and (ii) the first m + 1 eigenvalues of K are in the order of Q(N/m). To see the existence
of such a matrix, we sample m + 1 vectors uy, - - , Uy,41, where u; € R, from a Bernoulli
distribution, with Pr(w; ; = +1) = Pr(u; ; = —1) = 1/2. We then construct K as

m—+1 1 1
K=> wu/ uu'’, (14)
=1

m+1:m—|—1

where U = (uy,-++ , Wpt1)-

First, since u; ; = +1, we have dz'ag(uiuiT ) = 1, where 1 is a vector of all ones, and
therefore K; ; = 1 for i € [N]. Second, we show that with some probability 1—4¢, all non-zero
eigenvalues of +U U are bounded between 1/2 and 3/2, i.e.,

1+ 1T 3
< . — < — < —.
< Amin <NU U) < Amax (NU U> <3 (15)

To prove (15), we use the concentration inequality in Proposition 6. We define §; = z,-ziT b=

1,..., N, where z; € R™ is the ith row of the matrix U, and || - || in the above proposition
as the spectral norm of a matrix. Since every element in z; is sampled from a Bernoulli
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distribution with equal probabilities of being 41, we have E[z;z, | = I,,, and |zz, | = m.
Thus, with a probability 1 — §, we have

1 & 4m1n(2/6)

When N > 64m?[In 4]?, for any sampled U, with 50% chance, we have

U'u - IH

E

- 1
H NU U-1 H < 3
which implies (15).

With the bound in (15) and using the fact that the eigenvalues of UU T equal to the
eigenvalues of U U, it is straightforward to see that the first m + 1 eigenvalues of K are
in the order of Q(N/m). Up to this point, we proved the existence of such a kernel matrix.
Next, we prove the lower bound for the constructed kernel matrix.

Let Viomy1) = (Vi, "+, Vint1) the first m + 1 eigenvectors of K. We construct g as
follows: Let u = Vj(,41)a be a vector in the subspace span(vy, -+ ,Vy41) that sat-
isfies the condition Kl;r u = 0. The existence of such a vector is guaranteed because

rank(KJT/l:(mH)) < m. We normalize a such that ||a|ls = 1. Then welet g = Zfil ik (X, *)
S wiv/Nipi(), where w = Vl(m+1) . It is easy to verify that (i) § € H, since
[ull2 = [[Vi:gmsnyall2 = 1, and (ii) g L H, since u' Kj, = 0. Using g, we have

m+1
E(Ha) = max win |1 = gl > g1, = D wix
N , N
-0 — >0(—
o) miza(5).
where we use HWHQ = || 1(m+1)Vl (mtnall2 = [lall2 = 1. We complete the proof by using
the fact &(Ha) = HK KbKTKTH

Proof of Corollary 8
Define £(X;) to be a rank one linear operator, i.e.,
Ex)I0) = w(Xis ) f (i)

Apparently, L,, = L 37" £(%;) and E[{(X;)] = Ly. We complete the proof by using the
result from Proposition 6 and the fact

N

IE&e) s = | D (i 5(Re ) (Ri)?

ij=1

N
=\ D 0iRr)205(Rn)? = K(Rp, 1) < 1,
ij=1

where the last equality follows equation (3).
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Proof of Corollary 14

2
We choose a = 24/In N/v in Theorem 13. Since m > 16,u2 <1nN> , then we have a <

S
1/4
(uﬂz) . Additionally, by having u|T'|/y/m > 1, the conditions in Theorem 13 hold, and by
setting 6 = N3 in Theorem 12, the condition in Theorem 12 holds, which together implies

Pr <sup lzx |2 > 2u~/|T|/m + 2a0/m>
keTe
m
< Nexp(—ya?) + Pr (Vg Vil < 5x-)

)
> =
9 2

N
< N34 Pr (HEVSTTVS,T —1

< 2N73.
From this we have, with a probability 1 — 2N 3,

., <m>”4 N

m 2 m

sup ||z l2 < 2u
kETe M

T
_ /I
m

Proof of Proposition 17

Since
Uyif (%) = max iy f(xi) — L),

l

we rewrite the optimization problem in (11) into a convex-concave optimization problem

N
Ao 1
i = —g Wilf (Xi) — L))
e fareyr | 2 17w + gt (Qayir (i) = beles))

Since f € Hq, we write f =Y, zk(X;, -), resulting in the following optimization problem

N
, A1 - 1
min, max, 5a Kot gaoy) Kz = 53 i)

Since the above problem in linear (convex) in z and concave in «, we can switch minimization
with maximization. We complete the proof by taking the minimization over z.

Proof of Theorem 18

To simply our presentation, we introduce notations

1 N
Py(to f) =5 D tuif(xi)),
1=1
A(f)=P(to f) = P(to 7).
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Using Py(£o f), we can write Ly (f) = Pn(£o f) + 3| f]|3,.. We first prove that

a C2
Ln(fn) S Ln(fN) + mg(}la%

where max.cq |2|?> < C2. Note that

Ln(fn)
1 N
T {aeyy “x 2 o) — (e y) Klaey)
(e7) i—=1 =
Ln(fy)
N
1 T
S L oy (i) = o (@oy) K(aoy)
Then
Ln(fn)
e}y, __Zf () 2/\N2( °y) Klaoy)
1
= oty ——Ze () 2AN2(O‘OY)TI~{(O‘OY)

1
+{aggii1 W(QOY) (K — K)(aoy)

a 1 2 T
< Ly(fy)+ W”a\bHK — K2
2

< Ln(fy) + 2A—Ng(%a).

Then we proceed the proof as follows

A a a
EHfN”%N + P(lo fy)

A
< Pn(lo fy) + ngz“vH%ﬁ +(P = Py)(lo fy)

Ao, C?
< Pn(lo fn)+ EHfNHHN + 2/\—]\75(%“)
+ (P —Pn)(Lo fR)
C2
< Py(lo f*)+ —Hf 1%, +m5(7'[ )
+ (P —Pn)(Lo fR),
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where the third inequality follows from the fact that fy is the minimizer of Py (¢ o f) +
Al £112
EHJCHHK' Hence,

AUTE) < 217y, — DS, + o)
+(P—Pn)(lo fy—Lo fr).
Let v = |f* ~ f§ 1z, and R=|f* ~ £§ s, Define
G(r.R) = {f € He: |f — Flles <715~ Fln, < B}

Using the domain G, we rewrite the bound for A(f§;) by

A A C?
AR < Sy, = SRR, + 5 €
+ sup (P~ Py)(lof—Lof)

feG(r,R)

Since er < eV and 2R < €V, using Lemma 9 from (Koltchinskii and Yuan, 2010), we have,
with a probability 1 — 2N =3, for any

sup (P —Py)(lof—1Lof*) <CiC(re+ Re® + e V),
feg(r,R)

where O] is a constant independent from N. Thus, with a probability at least 1 — 4N 3,
we have

A(ff) = CrCe™
C?T'(N,m)

A * (|2 A a (|2
< — — —
= ||f H’HH 2HfN||Hn + IANN
+ C1Cel R = fHlls + CLCENf* = il

Ay pxn2 A 9 C?T'(N,m)
<Z —Z|fe - v
< S Iy, = SNSRI, + iy
C2C?*¢ o, .. N C2C?%¢* N .
+ =+ IR = I+ T+ 1 = fRR
A2 A ra 2 C°T(N,m) Ao
<Z -z il b R VAT
< SRy, = SR, + 5 + 5177 1B
C2C?*¢* o, .. . C2L%e¢t N ..
= T = I+ S+ SIS
C2F N 0202 2 0202 4
S )\Hf*H’?-LK + ( 7m) + 1 € + 1 €

2AN o A
g a *
+ 208 - £,

. C2T(N,m) C2C22  C20%* 1.

where in the second inequality we apply Young’s inequality ab < ;—z + % twice, the last

inequality follows from the strong convexity of ¢(z) and f* is the minimizer of P(¢ o f) =
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Ex ) [€(yf(x))]. Thus, with a probability at least 1 —4N~3, we have

C?T'(N,m)
AN

+ ClCe‘N.

P(Lo f&) <P(Co f*) + 2\ f*|3, +
2032C%%  20%C2%!
+ +
o A

We complete the proof by minimizing over A in the R.H.S. of the above inequality.
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