Memory Efficient Kernel Approximation

6. Appendix
6.1. Proof of Theorem 1

Proof. We use u to denote the unit vector in the di-
rection of &; — x;. By the mean value theorem, we
have

K(xi,xj) = gu(nllzi—;l2) = gu(0)+n9,,(s)||xi—x;2

for some s € (0,n||x; — x;||2). By definition, f(0) =
9.(0), so

f(0) < K(@i, ;) + nkllzi — xjlla,  (6)

where R:= sup |g,(0)]. (7)

R, ||v||=1
Squaring both sides of (6) we have

f(0)? <K(xi x;)* + n° R?||z; — ;3
+2K(zi, ;) (nR|| 2 — j|2).

From the classical arithmetic and geometric mean in-
equality, we can upper bound the last term by

1
2K (2, zj)(nR||x; — z4]2) < §f(0)2,
therefore
f(0)?
5 < Kz, x;)? + 0 RP||lw; — x5 (8)

Plugging in (8) into D¥e™mel({V }¢_ ), we have
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which proves the desired bound (3). O

6.2. Proof of Theorem 2

Proof. To prove this theorem, we use the e-net theo-
rem in (Cucker & Smale, 2001). This theorem shows
that when X = [x1,...,x,] are in a ball with ra-
dius 7, there exists 7 = (%) balls of radius 7 that
cover all the data points X. Now we set T to be k, so
7=k,

We consider {x1,...,z,_} are data points in the s-th
cluster, {yy,...,y,, } are data points in the ¢-th clus-
ter, and ng = |Vy|,ny = [Vi]. Our goal is to show that
Gt is low-rank, where Gg?t) = K(z;,y;). Assume
7, is the radius of the ¢-th cluster, therefore we can
find k balls with 7 = k=/94r, to cover {y,; 1,
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Figure 5. The Gaussian kernel approximation error of
BKA using different ways to generate five partitions on
500 samples from covtype. k-means in the input space per-
forms similar to spectral clustering on kernel matrix but is
much more efficient.

Assume centers of the balls are {mi,mo,..., my},
then we can form a low-rank matrix GY = UVT,
where for all i = 1,...,ng,5 = 1,...,n4, and s =
1 k

IR EAZ)

_ 1

¥ ify. € B
Uis = K(x;,ms) and V} ; = { if y; € Ball(m),

0 otherwise.

Assume y; is in ball s, then

(GO — GUDY = (f(as — y,) — flm —m,))°
< C?|(zi —y;) — (@ — my)|?
= C?|ly, —m, |3
< C?%72.

Therefore, if (G(1))* is the best rank k approximation
for G(>*)| then

HG(S’t)*(G(S’t))*HF < ||G(S’t)*é(s’t)”F < Ckfl/dlhnt /rsnt.

(9)

Similarly, by dividing {«;};~% to k balls we can get the
following inequality:

|G — (G| p < CE™Y 4rg\/mgng. (10)
Combining (9) and (10) we can prove Theorem 2.
O

6.3. Empirical observation on low rank
structure after k-means clustering

Theorem 2 suggests that each block of the kernel ma-
trix will be low rank if we find the partition by k-
means in the input space. In the following we show
some empirical justification. We present the numeri-
cal rank for each block, where numerical rank for a m
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Figure 6. The cosine of the principal angles between the
basis of diagonal and off-diagonal blocks of a Gaussian
kernel(y = 1 and 1000 random samples from covtype) with

respect to different ranks. The cosine values of the princi-
pal angles are close to 1 showing that two basis are similar.

by n matrix A is defined as the number of singular val-
ues with magnitude larger than max(n, m)|A|20. We
sample 4000 data points from the ijcnnl dataset and
generate 5 clusters by k-means and random partition.
Table 5 shows the numerical rank for each block using
k-means, while Table 6 shows the numerical rank for
each block when the partitions are random. We ob-
serve that by using k-means, the rank for each block
is fairly small.

16 | 14 |13 | 7 | 7
14129 |13 9 | 9
13 113 | 20| 10 | 10
7019 10|29 11
719 |10 | 11| 28

Table 5. Rank of each block(from a subsampled ijcnnl data
set) using k-means clustering.

139 | 99 | 101 | 44 | 45
99 | 116 | 86 | 43 | 44
101 | 86 | 131 | 46 | 47
44 | 43 | 46 | 47 | 45
45 44 | 47 | 45 | 49

Table 6. Rank of each block(from a subsampled ijcnnl data
set) using random partition.

6.4. The principal angles between the basis of
diagonal and off-diagonal blocks

In MEKA, we use the diagonal blocks’ basis to approx-
imate the off-diagonal blocks’ basis to reduce mem-
ory requirements. Furthermore, we observe that the
principal angles between the basis of diagonal and
off-diagonal blocks are small, which provides empiri-
cal justification to reuse the basis. In Figure 6, we

randomly sampled 1000 data points from the covtype
dataset and generated 5 clusters by k-means. The blue
line shows the cosine values of the principal angles be-
tween a basis of a diagonal block G(**) and that of an
off-diagonal block G() for different rank k, where s
and t are randomly chosen. We can observe that most
of the cosine values are close to 1, showing that the
two basis are similar.

6.5. The comparison of MEKA and Nys with
CsSI

Figure 7 compares our proposed method with the stan-
dard Nystrom(Nys), and incomplete Cholesky with
side information (CSI) for approximating the Gaus-
sian kernel on the wine and cpusmall datasets. All the
settings are the same with Table 3. We observe that
both MEKA and Nys are much faster than CSI for

kernel regression.

6.6. Influence of ¢ in MEKA

We test the influence of thresholding parameter € on
the ijcnnl data (Figure 8). Recall that we set L(**) = (
if K(mg,m;) < e. For large ¢, we will set more off-
diagonal blocks in L to be 0. In this case, although
MEKA yields higher approximation error(because it
omits more off-diagonal information), it is faster. On
the other hand, for small €, when more off-diagonal
information is considered, we will notice an increase in
time and decrease in approximation error. In the rest
of our experiments, we set € to be 0.1.

6.7. Time cost for each step in MEKA

In Figure 9, we show the time cost for each step of
MEKA on ijennl dataset. Here the parameter settings
are v = 1 and k = 100.

The execution time of our proposed algorithm mainly
consists of three parts:(1) time for performing k-means
clustering, T¢; (2) time for forming the “basis”, W
from the diagonal blocks, Ty (3) Time to compute
the link matrix L from off-diagonal blocks, T7,. From
Figure 9, we observe that when the number of clusters
¢ is small, Ty, will dominant the whole process. As
¢ increases, the time for computing the link matrix
L, Ty, increases. This is because the number of off-
diagonal blocks increases quadratically as ¢ increases.
Since the time complexity for k-means is O(ned), Te
will increase as ¢ increases.

6.8. Proof of Theorem 3

Proof. Let B denote the matrix formed by the diago-
nal block of G, that is, B = GH eGP @ -G, Ac-
cording to the definition of A, G = B+ A. In MEKA,
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Figure 7. Kernel ridge regression results on wine and cpusmall datasets for Nys, CSI, and MEKA. Methods with regression

error above the top of y-axis are not shown in the figures.
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Figure 8. Time cost (in seconds) and kernel approximation
quality of MEKA when varying the thresholding parameter
e for setting off-diagonal blocks in L to be zero.

the error |G — G2 consists of two components,

IG~Gll2=1B~B+(A-A)<|B-Bl|+|A-A|

where B and A are the approximations for B and A
in MEKA respectively.

Let us first consider the error in approximating the
diagonal blocks || B — Bl|2. Since we sample ¢m bench-
mark points from n data points uniformly at random
without replacement and distribute them according to
the partition coming from k-means, the s-th cluster
now has m, benchmark points with > °_] m, = cm.
For the s-th diagonal block G®), we will perform the
rank-ks approximation using standard Nystrom, so we

have G®) ~ E(S)(M,g‘:))“‘E(S)7 where E(*) denotes the
matrix formed by m, sampled columns from G*) and
M,gs) is a ms X mg matrix consisting of the intersection
of sampled m, columns.

Suppose we use the singular value based approach to
choose kg for s-th cluster as described in Section 4.2,
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Figure 9. Time cost (in seconds) for performing each step
of MEKA when varying the number of clusters c.

and M}, = (M,S))'|r ® (Méf))"' ®---P (M,if))“‘7 where
M is the em x em block diagonal matrix that consists
of the intersection of the sampled em columns. Then
we can see that approximating the diagonal blocks B
is equivalent to directly performing standard Nystrom
on B by sampling ¢m benchmark points uniformly
at random without replacement to achieve the rank-
ck approximation. The standard Nystrom’s norm-2
and Frobenius error bound are given in (Kumar et al.,
2009), so ||B — B||2 can be bounded with probability
at least 1 — 4 as

|B — Bll2 < ||B — Berl2+ (12)
2n n—cm 1 1 1

7Bmax 1 77[ *dB B’rgzaw 1)

vem [+ \/n —0.5 8(em,n) 095 maz/ ]

where B, denotes the best rank-ck approximation to

B; Bpaz = max;Bj; dfmx represents the distance

max;; \/Bii + Bjj — 2Bij.

To bound [|A — Ally, recall that some off-diagonal
blocks in MEKA are set to 0 by thresholding and 0 is
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Figure 10. Low-rank Laplacian kernel approximation results for pendigit.

one special solution of least squares problem to com-
pute L we have |A — Allz < ||Alf2.

Furthermore, according to perturbation theory (Stew-
art & Ji-Guang, 1990), we have

HB_BckHQ S ||G_Gck:||2+||AH2 (13)

The inequality in (12) combined with (13) gives a
bound on |G — G|z as,

IG =Gz

< ||B = Bekll2 + |A]l2+

2n n—cm 1
7Bmaw 1 T A E Al N
Vem [+ \/n — 0.5 B(em, n)
<G = Gerllz + 2[|All2+

2n n—cm 1 1 1
——B 1 - log=dB /B
Tm ma:c[ + \/n _ 05 5(Cm7 n) Ogé‘ maJ,/ ]

< |G = Gerll2 + 2[| A2+

1 1
logg dfmaw/Bf”a-'C]

vem n— 0.5 B(em,n)
<G = Gekllz + 2[|All2+

2 — 1 1 1
iGmw[l 4 \/n em 71097(1,%%/67?””]

1 2n n—m 1 1 1
= Gmam 1 l *dG G'?naw 9
Veym 1+ \/n—0.5 B(m,n) 95 maz/ ]

where G denotes the best rank-ck approximation to
G: Gmaz = maz;Gy: d€  represents the distance

mazij/Gii + Gj; — 2Gi;. The third inequality is be-
cause G = B+ A, Bz < Gaz and d2 < d€

maxr — max-*

The last inequality is because n > m and n > cm.

Similarly by using perturbation theory and upper
bounds for the Frobenius error of standard Nystrom,
the result follows. O

6.9. The performance of MEKA on Laplacian
kernel on pendigit dataset

Figure 10 compares our proposed method
with the standard Nystrom(Nys), Randomized
Nystrom(RNys), and Kmeans Nystrom(KNys) for ap-
proximating the Laplacian kernel on the pendigit data,
where ¢ = 3 and v = 277, Similar to Gaussian kernel,
we observe that MEKA is more memory efficient
and faster than other methods for approximating the
Laplacian kernel.



