2104.00512v2 [cs.LG] 18 Jan 2022

arxXiv

On the Optimality of the Oja’s Algorithm for Online PCA
Xin Liang*
January 19, 2022

Abstract

In this paper we analyze the behavior of the Oja’s algorithm for online/streaming principal com-
ponent subspace estimation. It is proved that with high probability it performs an efficient, gap-free,
global convergence rate to approximate an principal component subspace for any sub-Gaussian distri-
bution. Moreover, it is the first time to show that the convergence rate, namely the upper bound of the
approximation, exactly matches the lower bound of an approximation obtained by the offline/classical
PCA up to a constant factor.

Key words. Principal component analysis, Stochastic approximation, High-dimensional data, Oja’s
algorithm

AMS subject classifications. 62H25, 68W27, 65F15

1 Introduction

Principal component analysis (PCA) introduced by Pearson [PF] and Hotelling [[4] is one of the most well-
known and popular methods for dimensional reduction in statistics, machine learning, and data science.
The goal of PCA is to find out a low-dimensional linear subspace that is closest to a centered random
vector in a high-dimensional subspace in the mean squared sense through finite independent and identically
distributed (i.i.d.) samples of the random vector. Theoretically, given a random vector X € R? satisfying

E{X}=0, E{XXT} = X, PCA looks for a subspace U, with dimU, = p < d, such that
= in E{||(ly — ITu)X|3 1.1
U = arg i B{|(ls— T X3}, (11)

where I; is the identical mapping, or equivalently the d x d identity matrix, and II;; is the orthogonal
projector onto U. Let X = UAUT be the spectral decomposition of X, where

Y =UAU" with U = [u1,us,...,ug, A=diag(\,..., ), (1.2)

If A, > Ap41, then the unique solution to the optimization problem (EI), namely the p-dimensional
principal subspace of X, is U, = span(uq, ..., up), the subspace spanned by u1, ..., u,.

In practice, the covariance matrix X' is difficult, if not impossible, to obtain, and people have to use
samples to approximate U,. The classical/offline PCA use the spectral decomposition of the empirical
covariance matrix X = L5 XO(XO)T, There U, = spaniiy, . .. , Uy, is used to approximate U, , where
u; are corresponding eigenvectors of Y. Vu and Lei , Theorem 3.1] proved that

AMApr1 p(d—p)
Ao —=Apr1)2

" 2
inf swp Bflsin0@ U} = pd—p) T 2 (1.3)
)

dimU.=p X €Po(02,d

where ¢ > 0 is an absolute constant, and Py(02, d) is the set of all d-dimensional sub-Gaussian distributions

for which the eigenvalues of the covariance matrix satisfy % < 02, Note that % is the
(Ap )‘p+1) * ()‘p )‘p+1)

effective noise variance.
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Due to the practical requirement that only limited memory and a single pass over the data can be
implemented, people have paid amount of attention to a class of methods under these condition, called
streaming/online PCA. The most natural and simple method was designed by Oja and his coauthor [23, B4]:
first choose an initial guess U(®) € R¥*P with (U©)TU©) = I, and then iteratively update

Um™ — 1 ([Id i nnXm)(X(n))T]U(nfl)) = [y + 7, X (X )Ty (=1 g(m)

where IT(A) is an orthonormal projector such that IT(A)TI1(A) = I, and span(A) = span(II(A)), and
S is used to denote the normalization matrix. There are three classes of hyperparameters:

1. the initial guess U(®): usually first generate U of which each entry follows the standard Gaussian
distribution N(0,1), and then obtain U(® by QR decomposition. Note that in this setup, U(®)
is uniformly sampled from all the p-dimensional subspaces under the Haar invariant probability
measure (see eg. [22]).

2. the learning rates 7,: there are different strategies to choose them. Two common setups are the
constant learning rates n,, = 1,, and harmonic learning rates 7,, o %

3. the normalization matrices S(™: Two common ways to obtain the orthonormal basis are QR decom-
position, and polar decomposition [El, .

Although the Oja’s algorithm was developed nearly 40 years ago and it works well in practice, its
convergence behavior is limited until recently. Most theoretical results come out since 2014. As was
argued by Allen-Zhu and Li [E], the convergence rate of the Oja’s method has several features:

1. efficient: the rate only depends on the dimension d logarithmically. In fact, the dependence on d can
be removed.

2. gap-free: the rate is independent of the eigenvalue gap

v = >‘p — >‘p+1-

In details, the feature tells that ||sin ©(span(U™), span(uy,...,u,))| is bounded by a factor 32

rather than y~2, where 7 is an arbitrary chosen threshold, and A\, — Ay <7 < A, — Ag41-
3. global: the algorithm is allowed to start from a random initial guess.

Some recent works ] studied the convergence of the online PCA for the most significant principal
component, i.e., u, from different points of view and obtained some results for the case where the samples
are almost surely uniformly bounded. De Sa et al. [E] studied a different but closely related problem, in
which the angular part is equivalent to the online PCA, and obtained some convergence results. Li et
al. analyzed for the distributions with sub-Gaussian tails, and for this case the samples of this kind
of distributions may be unbounded. For more details of comparison, the reader is referred to [[L].

For the subspace online PCA, some recent works studied the convergence for the case where the samples
are almost surely uniformly bounded. In a series of papers [@, , @, @], Arora et al. studied () and its
variations via direct optimization approaches, namely using convex relaxation and adding regularizations.
The Oja’s algorithm falls into one variant of their methods. Hardt and Price [[(]] and Balcan et al. [f]]
treated the method as a noisy power method and analyzed its convergence. Shamir [@] first proved the
convergence is efficient with a good initial guess. Garber et al. [E] used the shift-and-invert technique to
speed up the convergence but their analysis was only done for the top eigenvector. Allen-Zhu and Li [ﬂ]
analyzed the method and proposed a faster variant of subspace online PCA iteration, and firstly showed
the gap-free feature of the convergence and also gave a lower bound for the gap-free feature. Very recently
Huang et al. [] analyzed the problem using the new matrix concentration inequalities and proved stronger
upper bounds. Liang et al. ] went further along the way of [IE] and gave an convergence analysis for
sub-Gaussian distributions.

The convergence rates obtained in some previous works and this paper are presented in Table EI The
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Table 1.1: Comparison of some results

e The term M, represents any quantity related to E{HX xT - ZH}, or the fourth central moment

(not necessarily the same in different results).

e In some results the term n, appears in the global convergence, and it represents the number of
samples needed in the so-called “Phase I” or “Cold Start” process.

e Note that there are two types of the dependency on ¢ in Table D5 one is In %, which goes to infinity
as § — 0; the other is m, which goes to 0 as § — 0. Clearly the latter term can be replaced
by an absolute constant, or equivalently, the rate does not explicitly rely on § (but implicitly, for
n>0 ((ln 6)_4) as is shown in Lemma and Theorem @)

e In some results, such as Jain et al. %Theorem 1.3], there is no Ind or ln% factor, which seems to
contradict with what we list in Table (based on their Theorem 1.2 or 4.1 actually). However, the
assumption there is much stronger: first their success probability is 3/4, rather than 1 — §, which
removes the dependency on §; then they need n > O(d/!°) which is much larger than O ((Ind)?)
here.



sum of some consecutive eigenvalues is written as
Aiymia = Aiy +o0 Ay, 1 <01 <dp < d.

The listed convergence rates are read as: with probability 1 — d, using n samples, or equivalently after n
iterations, the Oja’s algorithm produces an approximation span(U(")) of the principal subspace satisfying
[|sin ©(span(U(™),U,)|| < (the rate). The global convergence rate is given for the case that the initial
guess is random generated, while the local convergence rate is given for the case that the initial guess
satisfies ||tan O (span(U®), U, )| is bounded by an absolute constant like 1.

The convergence rates listed in Table E, except ours, include a poly-logarithmic factor, which leads
people to say the Oja’s method is nearly optimal. However, in this paper we will show the poly-logarithmic
factor can be removed. In other words, the convergence rate, namely the upper bound of the approximation,
exactly matches the lower bound () of an approximation obtained by the offline/classical PCA up to
a constant factor. Hence in some sense, we may say the Oja’s method is optimal. To the best of our
knowledge, it is the first time to point out this feature of the online method.

Other results we will show in this paper include:

e the strategy of choosing the normalization matrices does not matter much on the convergence rate.
Hence we may choose a strategy that has advantages on computation or practical consideration.

e the iteration process is somehow decoupled, and thus the gap-dependent and gap-free considerations
can be treated in the same framework. This would shed light on the convergence analysis of other
online algorithms.

e a lower bound for sub-Gaussian distributions on the gap-free feature is given, which ensures that the
Oja’s method is optimal.

The rest of this paper is organized as follows. In Section E we make preparations for discussing the
convergence analysis of the Oja’s method. The main results, namely the convergence analysis, are stated
in Section H, while their proofs are provided in Section E due to the complexities of the contained heavy
calculations. Section ﬂ gives some concluding remarks.

1.1 Notation

I, (or simply I if its dimension is clear from the context) is the n x n identity matrix and e; is its jth
column (usually with dimension determined by the context). For a matrix X, o(X), || X||2 and || X||r are
the multiset of the singular values, the spectral norm, and the Frobenius norm of X, respectively. For two
matrices or vectors X,Y, X oY is the Hadamard/entrywise product of X and Y of the same size.

For any matrix X, X(; ;) is the (4,7)th entry of X, and X(;.;.) is the submatrix of X consisting of its
row i to row j. For any vector or matrix X,Y, X <Y means X(; j) <Y ;) for any i,j. X“>, > <Y
can be similarly understood.

For a subset or an event A, A° is the complement set of A. By o{A1,...,A,} we denote the o-
algebra generated by the events Aj,...,A,. E{X; A} := E{X1,} denotes the expectation of a ran-
dom variable X over event A. Note that E{X; A} = E{X | A} P{A}. For a random vector or matrix
X, E{X} := [E{X(;;}] Note that [|[E{X}[|ui < B{||X|lw} for ui = 2,r. Write covo(X,Y) :=
E{[X —E{X}|o[Y — E{Y}]} and var,(X) := covo(X, X).

For any scalar x,y, © Vy = max{z,y}, ¢ Ay = min{z, y}.

2 Preliminaries

2.1 Canonical Angles between Two Subspaces

We are interested in the distance of two linear subspaces. So we introduce the canonical angles between
them in order to give quantities to represent their distance.



Definition 2.1 ([ﬂ]) Given two subspaces X, Y C R? with dimX = p < dimY = ¢. The princi-
pal/canonical angles 0; € [0,7/2] between X and ) are recursively defined for j = 1,...,p by

cosb; =0, = UE%%XEJ}UTU = u;-rvj subject to |Jullz = ||v|l2 =1,
;

u?uzO,v?sz,i:l,...,j—l.

It can be verified that o; > --- > 0, are the singular values of X TY, where X, Y are orthonormal basis
matrices of X, )Y respectively. The angles are in non-decreasing order: ¢; < --- < 6,. Moreover, it can be
seen that o; or 0; are independent of the basis matrices, which are not unique.

Write

O(X,Y) = diag(fs,...,0,).

Here we add “(X,Y)” to emphasize the quantity is defined for two subspaces X, ). In particular, if p = g,
[sin @(X, ) ||ui for ui = 2,F are metrics on the set consisting for all p-dimensional subspaces of R? [Rd,
Section 11.4].

For matrices X,Y, O(X,Y) := O(span(X), span(Y)).

In what follows, we give a quantity easy to compute to estimate the distance between one subspace
and a particular subspace.

Given p < ¢, for any matrix X € R?*P with nonsingular X(1:p,:), Write

‘%1Q(X) = X(P+1ZQa3)X6}p,:)’ ‘%(X> = X(q+1:d,:)X(71;1p7;)v

which are submatrices of 7 (X) := Z,(X).

Lemma 2.1. We have for ui = 2,F

tan O(X, [ﬂ )

S EAoI 21)

u1l

In particular, if p = q, then the inequality “<” can be replaced by “=".

Proof. For the readability, we use 7, ¢, 7, 74 only and drop “(X)”. Then cos; for j =1,...,p are the
singular values of

T
I
—1/2 p 1 —1/2
1+ 777 | Tl (4] = [+ 573y ).
Ty
Thus, tan?§; = sec?; — 1 for j = 1,...,p are the eigenvalues of

—1/2

B -1
(L + 772y Zodl s 7o) [+ 772 7)1
1+ 7 7)) [+ 70,700 [+ 9, 7]

_ [ %] 1/2
=1+ 77 7 (4 5520 o+ 57 F) 1) 1o+ 577
= [+ 77 7)

-1
1/2

L+ 70 7)) 2 1,4+ 28 7 7 g, (1, + 7 7],

and also the eigenvalues of

1, + 7L 7 2 757, (1, + 75 7).

P.q7 P4 p,a~Pa
Let 7 > --- > 7, be the eigenvalues of ﬂqTﬂq. By the Ostrowski theorem [@, Theorem 4.5.9],
tan?6; < 7;,
which implies (p-1). O

Note that [[J, Lemma 2.1] is a special case of Lemma -1



2.2 Orlicz Norms

We are concerned with random variables/vectors that have a sub-Gaussian distribution. To that end, we
first introduce the Orlicz 1),-norm of a random variable/vector. More details can be found in [B(]].

Definition 2.2. The Orlicz 1, -norm of a random variable X € R is defined as

e

and the Orlicz 1-norm of a random vector X € R? is defined as

‘ X
£

1 X |, = inf{«f >0: E{eXp (

X llpo = sup [0 Xy,

"U 2:1
We say that random variable/vector X follows a sub-Gaussian distribution if || X||y, < oo.

By the definition, we conclude that any bounded random variable/vector follows a sub-Gaussian dis-
tribution.
The basic properties of sub-Gaussian distributions are listed in Lemma @

Lemma 2.2 ([B1] (5.10)~(5.12)]). Every sub-Gaussian random variable X € R with || X ||y, = 1 satisfies:
1. P{|X]| >t} <exp(l — etp=2t2) fort > 0;
2. B{|X|P} < oPpP/? forp > 1;
3. if E{X} =0, then E{exp(tX)} < exp(Cvy*t?) fort € R,
where C' > 0,¢c > 0 are absolute constants.
Moreover, if || X ||y, < oo, then X follows a sub-exponential distribution. Our analysis below can be

easily generalized to sub-exponential random vectors, and will not be discussed.

2.3 Detailed Algorithm and Assumptions
Here we write down the detailed algorithm in Algorithm @

Algorithm 2.1 Oja’s Algorithm for Online PCA

1: Choose U € R¥*P with (U(O))TU(O) = I, and use a regime to choose the learning rate n,, = p,n > 0.

2: for n =1,2,... until convergence do

3. Take an X'’s sample X (™);

4. Zn) — (U(n—l))Tx(n);

5 U = yh-1 4 N X (2T,

6 Find an orthonormal basis of the subspace spanned by U (") namely compute a column orthonormal
matrix U =y g,

7. end for

The learning rate of the n-th iteration is 7, = ppn,. Without loss of generality, we may assume
0<p, <L

The decomposition can be chosen as QR decomposition [@] or polar decomposition [EI], or any other
decomposition easy to compute. However, S(" is always nonsingular. In fact, noticing that U =
[I 470, X™(XEN)TIT =1 "since T+ 1,41 X ™ (X ™)T is positive definite and thus nonsingular, and U
is column orthonormal, we know U™ has full column rank, which implies the fact.

Any statement we will make holds almost surely.

To prepare our convergence analysis, we make a few assumptions.



Assumption 2.1. X = [X, Xo,...,X4]T € R? is a random vector.
(A-1) E{X} =0, and ¥ := E{XXT} has the spectral decomposition (@) satisfying A\p > Apt1;

(A-2) ¢ :=||Z712X ]|y, < 0.

The principal subspace U, is uniquely determined under Item EI of Assumption @ On the other
hand, Item of Assumption @ ensures that all 1-dimensional marginals of X have sub-Gaussian tails,
or equivalently, X follows a sub-Gaussian distribution.

Using the substitutions

X AMPX X0 o ATIPX O 700 NPV 700 e N i,

the iterations produced by Algorithm @ and the rest terms U (") U™ keep the same. Hence any conver-
gence result has to keep this homogeneous property.
Next we make a simplification on the problem.
Recall the spectral decomposition X = UAUT. Instead of the random vector X, we equivalently
consider
Y=[Y,Y,... BV, =U"X.

Accordingly, perform the same orthogonal transformation on all involved quantities:

Y™ —ygTxm™  yo —gyTy®, vy, =Ty, = [ﬂ .

Firstly, because
(V(nfl))Ty(n) — (U(nfl))TX(n)7 (y(n))Ty(n) — (X(n)>TX(n),

the equivalent version of Algorithm @ is obtained by symbolically replacing all letters X, U by Y, V
while keeping their respective superscripts. If the algorithm converges, it is expected that span(V(")) —
span(V,). Secondly, noting

172X gy = IUATV2UT X |l = [ A7V2Y s
we can restate Assumption @ equivalently as

(A-1') E{Y} = o,E{YYT} = A =diag(A1, ..., Ag) with Ap >+ > XA > Ayt = -+ > Aa;

(A-2) ¢ = [ A7V2Y |y, < 0.

Thirdly, all canonical angles between two subspaces are invariant under the orthogonal transformation.
Therefore the results given below holds for not only Y but also X.
If the algorithm converges, it is expected that

U(n)_>U* :U|:I(§):| :[U15U2;...,Up] <~ V(n)—>‘/*: |:I(§):|

in the sense that
|sin QU™ U)|lui — 0 = [sin@(V ™ V,)|[wi — 0
as n — o0o.
By Lemma P.]), it is sufficient enough to prove ||.7 (V)| — 0. Our results are based on this point.
To simplify the notations in our proofs, we introduce new notations for two particular submatrices of
any vector Y € R?, tall matrix V' € R?®*P and diagonal matrix A € R4*9:

or equivalently

and -
A=diag(A,...,N\p), 4 =diagApt1,---, ).



3 Main Results

In what follows, we will state our main results and leave their proofs to another section because of their
high complexity. The main technique to prove the results is the same as Li et al. [E] and Liang et al. ]
The differences between the results are referred to:

e the estimations are much sharper here;
e the learning rates are changing here, rather than a fixed learning rate in [B, E]

First we introduce some quantities.

For k > 0, define S(k) := {V € R¥>*? . o(V) C | }. It can be verified that

v 1l
VeSk)e |7V < k. (3.1)
For the sequence V(™) define
New{r} :=min{n: V™ ¢ S(k)}, Nin{x}:=min{n: V™ e S(x)}.

Nout{#} is the first step of the iterative process at which V(™ jumps from S() to outside, and Ni,{x} is
the first step of the iterative process at which V(™ jumps from outside to S(x). For > 1, define

Nap{pe i= max{n > 15 202 < M ut 2, V) < A2t =1, df + 1.

Nan{p} is the first step of the iterative process at which either |Y;(n)| > )\3/2,111/2 for some ¢ or the norm
of Z(™ exceeds )\}/319#1/2. For n < Ng»{pu}, we have ||[Y (V|5 < )\}/jjul/Q .

For convenience, we will set T") = .7(V (")) andlet F,, = o{Y () ..., Y™} be the g-algebra filtration,
i.e., the information known by step n.

3.1 Increments of One Iteration

In each iteration,
) — (V(n) + %H}’/(er)(Z(nJrl))T%g(n)7 y ) (y(n) + nnﬂy(nﬂ)(Z(nJrl))T)S(n),

where S (") is nonsingular as is stated above. According to the Sherman-Morrison formula, we get v 4
Dy Y D (2T o VO+D g nonsingular, if and only if 14 g 1&ns1Y ™Y £ 0 where &,4q =
(Z(n+1))T(V(n))—157(n+1), and

Py nty=1 _ (g(n)y—1 (I MIn+1 Vly (D) (g (n+1) T> VL
( ) ( ) 1+ 77n+1€n+1 ( )
Hence
T — 1) (7 n 1)y -1
— (W) g Y () (Z (DT g0 (g )y -1 <1 _ Lvly(wrl)(z(fﬂrl))'r) 71
L+ nt1&ns1

— (Y(n) + 77n+1Y(n+1)(Z(n+1))T) (I _ Tn+1 Vl}}(nJrl)(Z(nJrl))T) V*ll
L+ Mg 1€nt1

Clearly the choice of S does not matter on the convergence of 7). In other words, the strategy of
choosing the normalization matrices does not matter much on the convergence rate.
In the following, we need to estimate 7"+ — T(") and the results are listed in Lemma EI

Lemma 3.1. Suppose
2Map VR + 1pnngr < 1. (3.2)
Let 7= |T™|la. If n < Ngp{u} A Nowr{r}, then the following statements hold.



1. T™ and TV are well-defined.

2. | T — Ty < 2ump 1 [V 2 Amp(1 4 72) + V1 A1pT], where vy = 1V v, v = @

1~p

3. Define R by E{T™+) — T | F,} = 5,1 (AT™ — T A) + RS, Then

IR |2 < 200 M 7 (1 + 72)12.
4. Let H, = var, y (n+1) ytINTY) gnd define RE,”) by var, Tn+1) _ p(n) F,) = n?.,Ho + Rg").
nn-i-l
Then
(a) Ho < 169*H, where H = Mijl(d—p)xp With Mij = ApyiXj fori=1,...,d—p,j=1,...,p;

)

n 1
(b) ||R(() )||2 < 2V1V1/2)\%~pﬂ277721+17'(1 + {1 + V1V_1/2} T+ 712+ 57'3)

2
+8V)\i’~pﬂ37773z+1(1 + 7212 [1 +7°+ V1V_1/2T}

3.2 Whole Iteration Process with a Good Initial Guess
Define D(*t1) = 7(n+1) _ E{T(”‘H) ’ F,}. It can be seen that

() _ E{T(n)

F.} =0, E{D"|F,} =0,
E{D("+1) o D) } Fn} — var, (T("+1) _ ) | Fn) .
By Item P of Lemma , we have

T +1) — plntl) 4 pn) 4 E{T(”+1) _ )

Fo }
= DD L 70 4 (AT — 70 ) 4 R

= L1 T™ + DD 4 R,

where L, 11: T — T + 11 AT — nn+1T/I is a bounded linear operator. It can be verified that £, 11T =
Ly410T, the Hadamard product of L,, and T', where Ly41 = A7 gy with AT = 14m, 00 (A —
Aj). Clearly £,,, L., = Ly,Ly, for any nq,ne. Moreover, it can be shown thatﬁ Ifns+illui = p(Lny1) =
L —nn417, where || L1 |lwi = supjpyj, =1/ Ln+17'|Jui is an operator norm induced by the matrix norm |[|-||u;.
Recursively,

n—1 n—1
T =L, LT+ D™+ 3" L, L9 D® + RV 4+ 3 L, L, RV,
s=1 s=1

b
Let us introduce some notation here. Define H() =1 or Z, the identical mapping, if a > b. Write
p=a
n

Fm = H 1Lr]lui = H (1 =), Fénz/;n) = Z /A H HLTH{n = Z U H (1 =)

r=n’ r=n’ s=n' r=s+1 s=n' r=s+1

Suppose Fglnj) < Cpjy it for any n, where Cp; ; is an absolute constant, which can be easily

examined in any specific strategy to choose 7,,.

1Here we drop the superscript “(*+1)” on Aij and the subscript “p1” on n, L. Since A(L) ={ X\ :i=1,...,d—p,j =
1,...,p}, the spectral radius p(£) = 1 — np4+1(Ap — Ap41). Thus for any T,

I£T l[wi = 1T(I = nA) +nAT |lui < 11 = nAll2l|Tllui + 94121 T 1w = (1 = nAp + nAp+ DT lui = PO T s,
which means ||£]||w < p(£). This ensures ||£L]|w = p(L£).



For s > 0 and 1,y < 1, define
Né{",) = min{n eN: Finl’") < (n*'y)s},

(n') (n’ N Yy )

which implies an,’Ns ) < (mey)® < Fy Define
n—1 n—1
T =Ly LT+ DO 43" Ly LoD+ RETY 3L £, RETY
s=1 s=1
_ (H &) 7O 13 ( 1 &) PO 43" ( 1 &) R
r=1 s=1 \r=s+1 s=1 \r=s+1

=T 1 4T,

Define events
M, (k, ) = {|T( T(n)H2 5 (1 Tk )M3/2771/271/2}
Ta(k) = {IT™ll: < x},  Quw) = {n < Nanfu}},

where v = 80D72,1)\1)\1Np7_2

It can be shown that under some conditions, if the initial V() is not too bad, then with high probability
| 7|5 will never become too large and eventually become as small as expected. The formal statement
is given in Lemma .

Lemma 3.2. Let Ny := N

(ine—In )/ In(n.7)" Suppose that (), and the following hold,

v(1 + k2)pd2nl/2412 < (3.3a)
,‘ﬁp,ll/2 <e formn> Nl. (3.3b)

If VO € S(k/2), then for anyn > N,
P{(H,, NH,)} < 2ndexp(=CuAiv™'y?u) +nled +p+ 1) exp (=Cyp (LAY ),

where H,, == ﬂ T,(k),H, := {Nin{e} < N1}

r<n

3.3 Estimation with a Random Initial Guess

In order to compare our result with the previous results, we will estimate ||tan ©(span(U™),U,)|| = | T™).
First we give the estimation with a good initial guess in Lemma .

Lemma 3.3. Suppose that (BA) and B.J) hold, and let Ny = Nine/in(n.y)- If VO € S(1), then there
exists a high-probability event H with P{H} > 1 — 61, such that for any n > Nl,

n

{T<">OT”> H} H O)OTO)JrQZnS H L2H, + R, (3.4)

r=1 s=1 r=s+1

&2
where ||R||2 = Cgl — with Cr an absolute constant, and H, < 16¢*H is as in Item [L(a] of Lemma B.1.
n nd
01
Note that in () the inequality holds for each entry in the matrices. In other words, the inequality in
(B-4) represents (d — p) x p scalar inequalities. Hence, in this sense, we can say that the iteration process
is decoupled. This observation is very useful for the gap-free consideration.
To deal with a random initial guess, a theorem by Huang et al. ] is adopted.
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Lemma 3.4 ([, Theorem 2.4)). Ifsupprp_;, |[PT(XXT—A)|p < B, and Vo has i.i.d. standard Gaussian
entries, writing

pB2 _ dB., In(d/6

22( ) nn:no:C(/)Ma

5 oy 7N

then with probability at least 1 — &, ||TWNo)||5 < 1.

N, =C,

The whole iteration process can be split into two parts: first the iteration goes from the initial guess
into S(1), whose probability is estimated by Lemma ; then the iteration goes from an approximation in
S(1) to any precision we would like, whose probability is estimated by Lemma . Note that Lemma
is only valid for a bounded distribution. Thus we have to use it on the event Q,,(x) whose probability is
bounded in Lemma EI

oy df) oy,
Theorem 3.1. If U©) € R¥*P has i.i.d standard Gaussian entries, and 1, = 17N0 for
Cp—, n > N,
n

some C, > 1, then there exists a high-probability event H, with P{H.} > 1 —4, such that for any n > N,,

64C, Y o(A) n — N, LC pN?2

(n) 2 <
E{Htan@(U ,U*)HF’H*} = 1-3¢ n2 (1 —0)n?
4
%M, as n — o0,
(1=9¥)n

where C' is an absolute constant, and ¥ is X ’s Orlicz 1o norm. Here

d
Zp i Aptidj p(d — p)ApAps1 (3.5)
i\ . .

i=1 j=1 pt+i T )\ ()\p - )‘;D+1)2

Proof. The probability of the whole process is guaranteed by Lemmas E, and If_]l In the following,
we will show the upper bound.
Introduce sum(A) for the sum of all the entries of A. In particular, sum(A o A) = ||A||4. Write

Fé";g) (M) =21l —s (1 —ny)? By Lemma B.9 with e = Mo = %, with high probability we
have

B{ITO R B} < (FN )2 T |2 4 25um(G o Ho) + sum(R).

where G = [%’j](dfp)xp with Yij = Fé],\]i;l’n) ()\J — )‘p+i)' Then,

1 1\ " No n—N,
I § _ °
FNo+Ln) <1 _o, N n) < <1 e Inn —In No> < o~Collnn—InN,) _ (No)cn
n

f— )

- N, n— N, n
and
n—N,
9 (n—vij)? - (n—s5+2—v)*(n—s)? - N2
F(NoJrl,n)()\‘ i) = % s=1
D,2,2 J P+ 72 TL2(TL 7 1)2 . .NQ
where ;5 = Cp(Aj — Apsi) /7y
n—N,
2 (n = lvi])? - (n—s+2— [v;])*(n—5)*- - NZ
< % s=1

7 n¥(n 17 N2

a "N°<( (n— |vii)(n — s)! J)'>2

n—l)(n—s+1 I_Vij

11



CQ n—N, n— s 1\ 2D
7%2 Z( )
s=1

2 2|vij|—1 _ ar2lviil—1 2|vij|—2 _ ar2lviil—2
_ CU n?lviil No + n2lviil N; +O(n2\_uijj—3)
2LVijJ —1 2

C2(n — N, N,
< M 1+C'=2 here C’ is an absolute constant
V?n?(2|vi;] — 1) n

2C%(n — N, g
SM (1+C’%) by 2w | —1> 22

72n2l/ij 2

2 (o)

- 72712[1/1,]

Thus,

N2 6400t 2P A\ n—N, N, N2
E{||T(")||%; H*}Spno 1/’ Zz/\ p+iNj . (1_’_0/7)_’_0}% PN,

== i — A N n?ln(nd/d)
— N, pN? Cr
= 64C, 1 p(A) > 2 . O
MO A= ( ! <nd/6>)

3.4 Lower Bound and Gap-free Feature
Vu and Lei [@] gives a minimax lower bound for the classical PCA, namely (|L ) First we point out the

A Api1 ApApt1
factor Ty ) in the lower bound can be replaced by )2

which is presented in Lemma

The key to the point is a lemma there,

Lemma 3.5 ([@, Lemma A.2]). Let X1, Xy € R¥P are column orthonormal matrices, 3 > 0, and
Y =1I,+BX; X} fori=1,2.

If P; are the n-fold product of the N (0, X;) probability measure, then the Kullback-Leibler (KL) divergence
18

D(Py,P,) nf sin O (X1, Xa)|12

, = —||sin , .

1,102 1453 1, %2)||p

Then they use a substitution (A/\iﬁ = Hf to obtain the lower bound. However, as a matter of
P P

fact, in their construction on the covariance matrix Xj, it holds that A\; = --- = A,, so when they proved
the former bound, actually they were proving the latter bound.
Then we show the construction is also valid for the gap-free consideration.

Lemma 3.6. Let X;, Xy € RYP X3 € R>~P) gre column orthonormal matrices satisfying X\ X3 =
X;PX3 :07 quvﬂ > 05/8 > 07 and

Sy =1, + BX1X] + BX3X], X =1I,+BXoX] + BXs X3,
If P; are the n-fold product of the N (0, X;) probability measure, then the Kullback-Leibler (KL) divergence
18

np* . 2
D(Pl,Pg) = 1 +6HSIH@(X1, [XQ X3])HF

Proof. The proof is similar as that of [@, Lemma A.2]. The key is to ensure
2

1+4

trace (X5 1(Z) — Xo)) = [sin@(X1, (X2 X3])|3-

12



In fact,

trace (22_1(21 — Eg))
= trace ([, + BX2X3 + BX3X5 | 'B(X1 X — XoX)))

1
= [trace ([m(xgxg + X3 X3+ I, — Xo X5 — XaXJ | (X1 XT — XQXE))

— B race ([ +B), — B(X2 X5 + X3X3)] (X1 X — X2X7))

1+5
2
=P race ([, — X2 X3 — X3 X3 | (XuX] — XoX3)) + trace(X; X| — X2 X))
1+p 1+8
2
= 1ﬁ+ 5 trace ([Ip — X2 X3 — X3X5 ] X1X{) +0
g 2
= sin@(Xq, | X X . O
1+ﬂ” (X1, [Xo X3))lI7
3 3 : ApAptq 1+ :
Following Lemma @, we can use a substitution oy 4+ to obtain the lower bound under

the gap-free consideration, namely Theorem .

Theorem 3.2 (Gap-free version of [B2, Theorem 3.1]). Let Po(c2,d) be the set of all d-dimensional sub-
Gaussian distributions for which the eigenvalues of the covariance matriz satisfy ﬁ < 02. Then
for1<p<qg<mn,
~ oy MpAg+1 p(d—q)
inf sup { sin O (U, U,.) 2}Zcpd—q—*20 Lt ,
dimU.=q X€P(02,d) | ( I ( ) n (Ap —Ag41)*  n

(3.6)

where ¢ > 0 is an absolute constant.

On the other hand, the Oja’s method can be easily proved to be gap-free, as is shown in Theorem @,
which exactly matches the lower bound in Theorem @

Theorem 3.3. If U € R¥*Y has i.i.d standard Gaussian entries, and n, are chosen as in Theorem
with v replaced by 7, then Theorem still holds, except that p(A) in (B.5) can be replaced by

14 ~
izp: Agtidi p(d — Q)ip(/\p - ’Y)_
zlj 1)\q+i_)\j_ /72
Proof. The proof is nearly the same as that of Theorem except the bound.

Note that the iteration process produced by the Oja’s method is decoupled, as is argued after Lemma E

Now what we need to estimate is

E{H%(U(”))H%; H*} < (PR g (UND) B 4 3295 sum(Gy © Hy) + sum(R)
where  Gq = [Yijl(a—q)xps Ha = i) (a-q)xps Bq € RO

d—q p 2

pNg 640 1/)4 Ap+iAj n— N, , No pN;
< 1+C'— Cr—=—"7—"—=
- n? ; jzl Apti —Aj  n? + n +Cn n?In(nd/§)

4 Proofs
4.1 Proof of Lemma [B.]]

For readability, we will drop the superscript “("” and use the superscript “*” to replace “(t1” for
V,T, R, drop the superscript “(**1” on Y, Z and the subscript “,,1” on 7, and drop the conditional
sign “|IF,,” in the computation of E{-}, var(-), cov(-) with the understanding that they are conditional with
respect to IF,,. Finally, for any expression or variable *, we define A% := T — x,

13



Consider Ttem []. Since n < Noyi{s}, we have V € S(k) and 7 = ||T||2 < k. Thus, ||V |y < VK2 +1
and T = VV ™! is well-defined. We have VT = (V +nY ZT)S, where S is nonsingular as is stated above.
According to the Sherman-Morrison formula, we get V 4+ 7Y ZT or V7' is nonsingular, if and only if
1 +n€Y # 0 where £ := ZTV Y, and

)yt =57 (1 L _yiy Tyt
) 5 ( 1+77§V )V

Since n < Ngn{u}, we have || Z]|2 < )\}/NQP,ul/Q, V]2 < )\i/fpul/? By (B-9), we find
L o 1
12TV <N Z)2 IV 2l Y |2 < Minppv/ A2 +1 < o7

Hence T+ = V (V') ™! is well-defined. This proves Item [
For Item E, using the Sherman-Morrison-Woodbury formula, we get

AT =y H(VH= L —yv!

n ——1v 7T \ 77—1 —1
=V4nyzZH|(1- —viyzT|\vi_-vVv
V4t )< 1+né > h
T Ui ——1v T 772 Tyr—15- 7T \ 77—1
=(nyzt - vvilyzV - L _vyZz'vlyzV ) v-
(77_ 1+n&™ 1+n&™ )
1 > né Tyr—1
=nlY — TY — Y| Z'Vv
77( 1+né 1+77§)

n > Ty, 77—1
= Y-TY)Y'VV
1+77€(’ )
=1 _nyyTr,

1+n¢

where T} = [—T I] and T, = [1{

] . Note that

TYY'L =YYr — 1YY" — 1YY +YYTT. (4.1)
For any positive semi-definite matrices A1, As and a matrix X, by [E]
[A1X — X Az|l2 < max{||Ax|z, | Az[]2}[[ X2

Thus

ITY YT, la < 0 M n(L+72) + Ay V App1ma) 7
= u[ 2 Ay (1 + 72) + 1 h 1y 7],
and then
IAT |2 < 2pn[v' P Ainp (1 + 72) + 1 A1y T].
Consider Ttem fJ. Clearly T}V =0 and V = T,.V, V™' = VIT,, VVTT, = T.. Write

AT = Ti(nYY™ + Rp)T,,

where oo
ZTvly
Rp = —n—T _yyT = fnL__l_YYT,
14+ n€ 1+nZTV™Y
and
ITL R Ty |l2 < 2M 1 pp®n? (1 4+ 72)Y2 [ 20 (1 4+ 72) 4+ 1 A1mpT]. (4.2)

14



In ([L.1),
E{YY"} =0, E{TYY"}=TE{YY"}=T4,
E{TYY'T} =TE{YY"}T =0, E{YY'T}=E{YY"}T = AT.
Thus, E{AT} = n(AT — TA) + Rg, where Rg = E{TyRrT,}. Therefore,
nZTv-ly T} }
IRels = {7 [-n 22T
nZTv-ly
771 +0ZTVY
1/2 1/2
< 2PN 221+ )N 2 T
= 2)\1)\1Npm727(1 + 7'2)1/2.

2

< max
Y

legziy YL,

Now we turn to Item E We have

vare (AT) = varo (T;(nYY ™" + Rr)T,) = n* vare (Y'Y T,) + 2nRo 1 + Ro 2, (4.4)

where Ro 1 = covo (LYY T, T}RrT,), and R. o = varo(T)RrT,). By ([L)),
varo (TYYTT,) = varo (YY) + Ro p, (4.5)
where
Rop =vare (TYY™T) — 2cove (YY ', TYYTT) + var, (TYY" - YY™T)
—2covo (YYT, TYYT —YYTT) + 2covo (TYY T, TYY" —YYTT).

Examine (Q) and () together to get H, = var, (YYT) and Rg") = 772Ro,0 + 2nRs 1 + Ro 2. We note

Y; = e;.fy = e;_f/ll/QA—lﬂy _ )\;/26;:/1—1/21/,
e;F var, (YYT) e = var(e;FYYTej) = var(Y;)HYj) _ E{Yp2+iy}2}-

By Item [] of Lemma .9,
E{Y}} = /\ﬁE{(e;fA—WY)‘*} < 16X2|eT A2V ||E, < 1602472V ||, = 16)20%,

Therefore
el varo (YY) e; < [E{Y;L, } E{Y' }]1/2 < 160,40 00",

i.e., Ho = varo (YY") < 16¢*H. This proves Item [[(a)] To show Item [L(b), first we bound the entrywise
variance and covariance. For any matrices A1, A3, by Schur’s inequality (which was generalized to all
unitarily invariant norm in , Theorem 3.1)),

A1 0 Asll2 < || Az]2]|Az]]2, (4.6)
we have

[[cove (A1, A2)|l2 = [[E{A1 0 As} — E{A1} o E{A2}||2
< E{[|41 0 As[]2} + [[E{A1} 0 E{A2} |2
< E{[|A1]l2[A2ll2} + [[E{A1}[2[[E{A2} 2,
[varo(A1)lla < E{[[A1]5} + [[E{AL}]3.
Apply (7)) to Ro 1 and Ro o with ([J) to get
[Ronllz < ITYY T2 TiRe Ty |2 + | TAAT 2| Rl
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< 201t (1 + 72)1/2[u1/2A1NP(1 +72) + 1 A7) + 203N T2 (1 + r2)1/2
< AN (1 + ) [ e 2]
[Ro2lle < 2(| T R T ]|2)?
< SA%Np/fn‘l(l + 7'2)[1/1/2)\1Np(1 +7%) + V1A1Np7]2
< 81/)\‘11Npu47]4(1 +7%) [1 +72+ 1/11/71/27'} ’ .
For R, 0, by (), we have

[vare (TYY ' T) || < E{IIYY T3} TI2.
leove (YYT, TYYTT)|l2 < E{|YYT3}IT3,
[eove (YY T, TYYT —YYTT) | <E{|YY"|2||TYY" =YY T2},
leove (TYYTT,TYYT —YYTT) s < E{Y YT ||2| TYYT =YY T2 }|T3,
lvaro (TYYT = YY'T)|l2 <E{ITYY" —YY'T|3} + ||TA~ AT|3.
Since
[YY T2 = (YTY)V2(YTY)V2 <o 2 hpp,
we have
| Ro,0ll2 < V)\%Np,u%"l + QVA%NPMQTQ + V%A%Np,u%j + Ai7?
+ 201 2Nt AT+ 202N A i T

1
< 2V11/1/2)\%Np,u27'(1 + [1 + V1V_1/2i| T2+ 57‘3). (4.9)

Finally collecting ([.J) and ([0 yields the desired bound on RS = 172Reo + 20Ro1 + Ro.s.

4.2 Two probability estimations

Lemma 4.1. For anyn > 1,
P{Ngo{p} >n} > 1 —nled +p+ 1) exp (~Cypp (LAY p),
where Cy 1s an absolute constant.

Proof. Since

Nolik <nr U ({1270 2 X502 o | {lefy®™r= a2}

n<n 1<i<d
we know
P(Nav{u} <0} < 30 (PLIZO o = N0 2 )+ 30 PLIely ™) = A2/} ) (4.10)
n<n 1<i<d
First,

A1/2€,)T
pL 1Ty > A2,  Zpl A7) ey
{lez |— i M } ||A1/2€Z.H2

N A;/2u1/2
~ AV 2e;]ls
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Cyi=r

T/le
<exp|1- : by Ttem [] of Lemma P.J
Al/2e,)T "
|| ﬁAl/Ze )” A=1/2y (n) ||¢2
Cyiip 1
< — ’ = — ;
= eXp (1 ||A_1/2Y(") ||»¢2)\1) eXp (1 C"/Jﬂw /'[/) )
where Cy ;5,7 = 1,...,d are absolute constants. Next, we claim
(n) 1/2 1/2 -2
PLIZON > ML 2} < (4 D exp (—Cuarnv2p). (411)

Together, ([L10) — (L.11)) yield
P{Ngp{n} <n}=>" > exp(1—=Cyp b~ 'p) + > (p+ 1) exp (—Cp a9 >p)

n<n 1<i<d n<n

<ned+p+1)exp (—Cytp (LAY ),

where Cy = minj<i<qy1 Cy i Finally, use P{Nqp{p} > n} =1 - P{Ngn{p} < n} to complete the proof.
It remains to prove the claim - To avoid the cluttered superscripts, we drop the superscript

«.(n=1)7 on V, and drop the superscript “("” on Y, Z. Consider
Uk1
d d
0 7 VTY .
e e R P R i =,
k=1 Ukp
Vg1 -+ Vkp 0

where v;; is the (4, j)-entry of V. By the matrix version of master tail bound , Theorem 3.6], for any
£>0,

d
P{|Z]]2 > &} = P{Amax(W) = &} < 0}2{)6705 trace exp (; 1DE{€XP(9Yka)}> :

Y is sub-Gaussian and E{Y'} = 0, and so is Y;. Moreover,

e AL/2

ATRY N < N ATY g, = NP

2

¥illgo = llex A2

Also, by Item [] of Lemma .9,
E{exp(0W,Y3)} < exp(Cyaqrx0* Wi 0 Wi|[Yi[7,) < exp(cy k0> Mt Wi, 0 W),

where ¢y, k = 1,...,d are absolute constants. Therefore, writing [4Cy 44+1]7" = maxi<p<4 cyr and
Wy = 2221 AWy, o Wy, with the spectral decomposition Wy, = Vw/lewT , we have

d d
trace exp (Z In E{exp(@Yka)}> < trace exp <Z C¢1k92)\k1/}2wk o Wk>

k=1 k=1
< traceexp([4Cy ay1] 107> Wy)
= trace exp([4Cy,q41] 107>V Ay V)
= trace (Vi exp([4Cy,a11] 7 070> Ay) V)
= traceexp([4Cy a41] 0%Y3 Ay)
< (p+ 1) exp([4Cy,a41] 7 079" Amax(Ay.))
= (p+1) exp([4Cy,ar1] ™ 0°P* Amax (Wy)).
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Note that

_ d -
0 0 > vy
= 0 e 0 efVTAVe;
W = d _ : : :
v 0 e 0 > v, 0 e 0 elVTAVe,
k=1 efVTAVe, .- egVTAVep 0
d d
Z )\kvil s Z )\k?}ip 0
Lk=1 k=1 _
and thus
eTVIAV ey »
Amax(Wy) = : < Z e;fVT/lVek = trace(VTAV)
eEVTAVep ) k=1
p
T _
< Vgnvaxl trace(VAV) = kz Almp-

In summary, we have

P{IZ]2 2 €} < (0 + 1) juf exp([ACy.a01] 00 hiny — 06)

Cy d+1§2)
(p+1)exp ( W

Substituting £ = ijp,u , we have the claim (J.11]). O
Lemma 4.2. Suppose that (B2) holds. If n —1 < Nep{p} A Nowr{r} and T is well-defined, then
P{M,, (r, 1)} > 1 = 2d exp(—CuAfv ™'y ?p),

2
Cbhb.oa
8Cp,2,2 "

Proof. For any n—1 < Ngp{p} A Now{r}, V(*=1 € S(k) and thus ||[T("~V||y < x by (B.I]). Therefore, by
Ttem E of Lemma B.1|, we have

where Cyy =

D™ = HT<n> _pn=1) _ E{Tw _ -1 ’ ]F”}H
2
< T = T + B{ T - 705 | B, |
< Adun, [V1/2>\1~p(1 +72) + 11 A 1pT].
For any n — 1 < Ngp{p} A Nout{k},

TSz <Z< 1T ||zr|2> IRV

r=s+1

3

<3 DL+ V2, [T 1L
s=1 r=s+1
< 2)\1)\1pr€(1 + 52)1/2F[()1,7272

<2Cp21 A1 A~pk(l+ n2)1/2w] 41

<2Cp2iMAip(l+ K b2ty =302 by 7,7 < 1.
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Similarly,

TS 2 <

( II mu) D@,

r=s+1

IN

- 10-

AP Xp(1+ 6 + vidaeprluns ] I1£]12
r=s+1

@
Il
—_

[V1/2/\1~p(1 + k%) + le\lwpn]uFS’fi
Cpaalr®Amp(1 + K2) + iAok

IN
B~

IN

Also, |T||o < F Oy < | T3, For fixed n > 0 and 7,, > 0,
tA(Nout{r}—1) n

MM = ﬁﬁTT(O),Mt(") = ﬁ AR I 0@ t=1,...n
r=1

r=1 s=1 r=s+1

forms a martingale with respect to [y, because
B{IM" 2} < 1T o +1T5 2 < +oo,
and

B2,

Ft} — E{ ﬁ £, DD

r=t+2

Ft} — ﬁ KTE{D““) ‘Ft} —0.

r=t+2
Use the matrix version of Azuma’s inequality [@, Section 7.2] to get, for any a > 0,

2
n n) o
PLIME = MV 2 > o} < 2dexp(—5 ),
where

nA(Nout{r}—1) 2

0'2 Z

s=1

(1)

r=s+1

2
nA(Nout{r}—1) 5 N
2
< Z [4[V1/2/\1~p(1 + 52) + Vl/\lwp’i]l”]s} H HETH2
s=1 r=s+1
<32 [N, (14 %)% + N 2] W2 FD )

<32Cp,2,2 [u)\pr(l + k%)% + uf)\%Npmﬂ Wyt

Thus, noticing Tl()n) = M,S") - Mé") for n < Nout{k} — 1, we have

a2

32Cp 22 VAT, (1 + k%)% + VPN k2] u?nml) '

P{ITE > > a} < 2dexp (
Choosing o = 2Cp 21 M A1p(l + k2) 320t 2y =3/2 and noticing T™ — T{™ = T]g") + T}(%") and ||T}(;{")H2 <
2Cp,2,1 M A1p(1 + K23/ 2082y =3/2 | we have
P{M,(x)} = P{HT(H) - T*En)||2 > 4Cp 2,1 M A ~p (1 + 52)N3/27771/27_3/2}
< P{HTz()n)Hz 2 2Cp 21 M A~p (1 + HZ)HS/Q%/QT?’/Q}

_ [2CDp 2,1 A1 A1~p(1 + nz)ﬂ3/2n}l/2773/2]2
82Cp .2 [VA L, (14 %)% + VAT k2] Py

< 2dexp (
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C2 . N2y —2
< 2dexp <7D8201D 21/:3

= 2dexp(—CuAfv~ 'y ?p),

CZD,Z,I O
8Cp,2,2°

where Cjyy =

4.3 Proof of Lemma

First consider the case that (B.) holds. We know T, (k) = {||T M2 < k}. I n > Now{x}, then there
exists some 7 < n, such that V(") ¢ S(k), i.e., ||T(T)||2 > K by (B.1)). Thus,

{n> Nowlstt < J{ITDN2 > w} € |J Tolw)®

r<n r<n

On the other hand, for V(©) € S(x/2), M,.(, 1) C T, (x) because
ITO < 70 = 70 + OO,

1
< So(l+ w222yt 2 41 s /2 <k,

Therefore,
ﬂ ﬂ T, (k) C {n < Now{x} — 1},
r<n r<n
and so
N M, (k) = () My(r) C (] Tr(k) =: H,. (4.12)
r<nA(Nout{r}—1) r<n r<n

For r > Ny := N((ln)8 Inr)/In(n.~) a0d V) € S(k/2), M, (k, 1) C T, () because
172 < |70 =T + FE7 T

1 —inkK n
< §U(1+I€ )H3/2771/271/2 (n*,y)(lns Ink)/1 (77*7),{/2

1
< 2’“’}«/2 + 5/2 by U(l + K ).“3/2771/2’}’1/2
<eg, by KP,{/Q <e.
Therefore,
ﬂ CMNI( )C{NIH{E}SNl} = H
r<n
Since
N M nBEC (M) CH,
r<nA(Nin{e}—1) r<n
we have
ﬂ MT(K) - Ho-
r<nA(Nip{e}—1)
Together with ()7

M, (k) C H, N H,.

r<nA(Nin{e}—1)A(Nout{x}—1)
By Lemma @, we get

P U M- (1)° N Qp ()

r<nA(Nin{e}=D)A(Nous{x}—1)
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< (0 A (Nin{e} = 1) A (Now{r} — 1)) 2d exp(=Crry A 0%)
= 2ndexp(fCM’y*2/\§Npu2).

Thus,
P{(H, NH,)} < P{(H, NH, N Q. (x))}

Py
= P{(Hn N Ho)c U Qn(,“) }
P{(H, NH,)* N Qn(p)} + P{Qn (1)}

<P U M (8)° N Qu(p) ¢ +P{Qn(p)}

r<nA(Nin{e}=1)A(Nout{x}—1)

< 2ndexp(—CuAv 'y p) +nled + p+ 1) exp (—Cypy ' (LAY~ ),

where P{Q,,(11)°} is given by Lemma [L1].

4.4 Proof of Lemma B.J

Choose _
H=H,NQu= [\ T.@n () T(2)NQu).
re[1,N;—1] r€[N1,n]
By Lemma @ with K =2, = (wg;ﬂ v Cuiv;) In (e+631)nd’
1

P{H} < 2ndexp(—CyN2v 'y 72p) + nled +p + 1) exp (—C’W/fl(l A ) < 6y

In the following, we will work on the expectation.
Note that

Ho= (1 T.@n (] T.@)c () {1TT,1<2>D(T)=D<T>}

re[l,N1—1] r&[N1,n] rell,n]

we have for n > Ny,

T(”)lﬁnﬁ(@n = (ﬁ £r> T(O)]_Qn + i ( ﬁ £T> D(S)1T5—1(2)an + z’ﬂ: < ﬁ R(Es—1)> 1(@”
r=1 s=1 1

ot Wb
L F0 4 F0 .

Then,
B{T™ o T™; f, Q. }

=p{rmortmiy o 1

= B{T"W o T} 4 2B o 50} 1 2B{ T 0 T4} + BT 0 747 )

+B{TE o TE} +2B{ T o T} }
< E{ﬁ(") o i(")} +2 E{if”) o Tg’)} +2 E{i(”) o f,gm} + 2E{f§"> ° T}”)} +2 E{Tg‘) o Té")}.

In the following, we estimate each summand above for n € [Ny, K].

1. E{if”) ° ji(")} - <ﬁ L,%) T©) 6 7).
r=1
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2. E{ (”)oT(")} (Hﬁ ) n ( ﬁ ﬁr) T(O) o E{D(S)1T371(2)1Qn} _ 07 because T571(2) C
S T 1

=1 \r=s+

F,_; and so
E{D(S)lm,l@)l(@n} =P{T,-1(2)} E{D(S)lc@n ’ Tsfl(Q)}
= P{T.1(2)} E{B{DW1q, | Fooa}

‘T571(2)} —0.

3. E{ifn)ofl(%")} = <ﬁ Er> i( f[ L ) 7O o E{R(s Y1g, } Recall ([£d). By Ttem [ of
r=1

s=1 \r=s+1
Lemma @, we have

{0 T Yl < FEEG A Ay )

< eCpainy " MAiph(l + K320 by n > N;
1
= gUFL(l + &)Y iy ye by v =8Cp.2 1 A1y >
1 _ _
< §H2(1+,‘€2) 12,=1/2, 12,102 by (1 + k2)u/2nl/2412 <
—1/2 1/2,1/2¢ by k = 2.

< N
4. E{T};) o fl@} - zn: ( ﬁ c%) E{Rgf*h@n o 355*1)1@”}. Also, by (1),

IB{ 75" o T Hiz < PR3 R2A M pp(1 -+ £2)1/2]2

< Cpaaniy 14)\2)\1Np,u K2(1 + K?)
Cpoa,2

2,2 2\,,2,3
= D42 221
1603,," " (1+ w5 )y

CD,4,2
160,2372,1

CVD,4,2 Mfl
2
5CD,2,1

O Ry Ty M

Pnﬁi'

5. For E{ij(jn) o Tjgn)}, we have

B{T{) o T} = zn: ( 11 £2> B{DW1g,1r, @20 DD, 1n. ()}

s=1 r=s+1
= in < f[ ﬁ%) Ho + i ( ﬁ 57%) E{Rgs)lm,l(m},
s=1 r=s+1 s=1 \r=s+1

because for s # &/,
B{DW1g,1n, @20 D*)1g,1n, 3 } = E{D®) 0 D1g,1r, ,)1r, )}
= P{T,_,(2) N Ty_1(2)} E{D(S) o D1y ‘ T,_1(2) N Ts,_1(2)}
= P{T,_1(2) N Ty_1(2)} E{E{D(SVS/)IQn \ Fsvsl,l} o D) ] T,_1(2) N TS,,1(2)}

:O’
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and
E{D<S>1Qn 1r. (2 0 D¥1g, 1TH(2)} — E{D(S) oDGN1g, 1TH(2)}
_ P{’]I‘s_l(Q)}E{E{D(S) o D®1g ‘ Fs_l} ‘ 'JTS_l(Q)}
< Ho + E{Rff)lqrs,l(z)}-

On the event Ts_1(2), by Apino(1 + 1) < 1, we have

s _ 1
1RO 15, )ll2 < 2000208 in2recs (14 L4 o™ 2| ry 472 4 572 )

2
AL+ 72 ) 2 (172 e
2
< 81/11/1/2/\%Npu27]f [5 + 1/11/_1/2} + 8\/51//\?Npu37]§’ [5 + 21/11/_1/2}
< A8UEAY 10?4 392VEUENT Pl

Thus,

(L 2)sfrn o)
s=1 \r 1

=s+ 2

< < 11 Iﬁrl2> (48V12/\?~pu277§ +392v5u7 AL ] )
s=1 \r=s+1

< FLnAsvind i + FU)392VE0N i

< 48CD,2721/f/\§Npu27]n'y*1 + 392\/501)13721/%/\?,%0#37]72{)/71
480[),272

2, 392V5Cnss o)y a1 2 772
= 10003, , ’ '

VI ey + i e AT
D,2,1
Collecting all estimates together, we obtain

n

E{T(") oT™: H, m@n} < <f[ ﬁ%) 7O o7 4 2zn:n§ ( 11 E?) H, + R,
r=1 s=1 1

r=s+
where
1 2Cpa2 _ 6Cp,2,2 o _
Rlly < ——p=1/2 ) p1/2,1/2, A4, 1.2 22 2y-2 1 2
| ||2_\/3M J2 e +75C%’271u pnnn+7250%72,11/1 LT ey
49v5Cp 32 o 3 _3
32 2y-3 —3/2 1/2 2 7/
10000%7211 Vl 1 M 770 pnly
1 Cpaz2 _ 3Cp,2,2 o _ 49vV5Cp 32 o 3 _
< 1.3 | A4, 1,26 22 2y-2 1,22 32 2y=8 —3/2,1/2,7/2.4
SV 71600321} Mo +7500§1271V1 1HE +7160006%7211V1 1T Ty e
2
o €
SC’V%)\l 2/1/ 1'}/252 SCRln—n_d;
01

in which C” and Cg are absolute constants.

5 Conclusion

We have presented a convergence analysis of the Oja’s method for online/streaming PCA iteration with
sub-Gaussian samples, by combining the idea in Li et al. [E] and Liang et al. [@] and the convergence
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result from a random guess to a good guess by Huang et al. [@] Our results show for the first time that
the Oja’ method for online PCA is optimal in the sense that with high probability the convergence rate
exactly matches the minimax information lower bound for offline PCA.

Recently [H, E] developed a method to decide the learning rate adaptively. Though our framework

works for different strategies on choosing the learning rates, it remains an open but very worthwhile
problem to consider how fast the adaptive learning rates would accelerate the convergence, because with
a small probability to cover bad events, it is quite possible to attain a convergence rate even below the
lower bound.
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