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Abstract

We study the sample complexity of canonical correlation analysis (CCA), i.e., the number
of samples needed to estimate the population canonical correlation and directions up to
arbitrarily small error. With mild assumptions on the data distribution, we show that
in order to achieve e-suboptimality in a properly defined measure of alignment between
the estimated canonical directions and the population solution, we can solve the empir-
ical objective exactly with N(e, A, ) samples, where A is the singular value gap of the
whitened cross-covariance matrix and 1/ is an upper bound of the condition number of
auto-covariance matrices. Moreover, we can achieve the same learning accuracy by drawing
the same level of samples and solving the empirical objective approximately with a stochas-
tic optimization algorithm; this algorithm is based on the shift-and-invert power iterations
and only needs to process the dataset for O (log %) passes. Finally, we show that, given an
estimate of the canonical correlation, the streaming version of the shift-and-invert power
iterations achieves the same learning accuracy with the same level of sample complexity,
by processing the data only once.

Keywords: Canonical correlation analysis, sample complexity, shift-and-invert precon-
ditioning, streaming CCA

1. Introduction

Let x € R% and y € R% be two random vectors with a joint probability distribution
P(x,y). The objective of CCA (Hotelling, 1936) in the population setting is to find u €
R% and v € R% such that projections of the random variables onto these directions are
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maximally correlated:!

o BTy "
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This objective can be written in the equivalent constrained form

max uTEwyv st. u'Egu= VTEny =1 (2)
u,v

where the cross- and auto-covariance matrices are defined as
E,, =E[xy '], E;, = E[xx'], E,, =E[yy']. (3)

The global optimum of (2), denoted by (u*,v*), can be computed in closed-form. Define
1 _1
T :=E./E;)E,/ € R%*dy (4)

and let (a;,b;) be the (unit-length) top left and right singular vector pair associated
with T’s largest singular value p; = 01(T). Then the optimal objective value, i.e., the
canolnical coErelation between x and y, is p; < 1 (see Lemma 20), achieved by (u*, v*) =
(E;fal, Ey_yibl).

In practice, we do not have access to the population covariance matrices, but observe
samples pairs (x1,y1),. .., (Xn,yn) drawn from P(x,y). In this paper, we are concerned
with both the number of samples N(¢) needed to approximately solve (2), and the time
complexity for obtaining the approximate solution. Note that the CCA objective is not a
stochastic convex program due to the ratio form (1), and standard stochastic approximation
methods do not apply (Arora et al., 2012). Globally convergent stochastic optimization of
CCA has long been a challenge even for the empirical objective, and attracted continuous
effort (Lu and Foster, 2014; Ma et al., 2015; Wang and Livescu, 2016), until the recent
breakthrough by Ge et al. (2016); Wang et al. (2016). And our understanding of the
stochastic objective, e.g., the existence of an efficient algorithm and the sample complexity,
has been very limited.

Our contributions The contributions of our paper are summarized as follows.

e First, we provide the ERM sample complexity of CCA. We show that in order to
achieve e-suboptimality in the alignment between the estimated canonical directions
and the population solution (relative to the population covariances, see Section 2),
we can solve the empirical objective exactly with N (e, A,~) samples where A is the
singular value gap of the whitened cross-covariance and 1/7 is a upper bound of the
condition number of the auto-covariance, for several general classes of distributions
widely used in statistics and machine learning.

1. For simplicity (especially for the streaming setting), we assume that E[x] = 0 and E[y] = 0. Nonzero
means can be easily handled in the ERM approach (see Remark 4).
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e Second, to alleviate the high computational complexity of exactly solving the empirical
objective, we show that we can achieve the same learning accuracy by drawing the
same level of samples and solving the empirical objective approximately with the
stochastic optimization algorithm of Wang et al. (2016). This algorithm is based on the
shift-and-invert power iterations (Saad, 1992; Garber and Hazan, 2015; Garber et al.,
2016). We provide tightened analysis of the algorithm’s time complexity, removing
an extra log% factor from the complexity given by Wang et al. (2016). Our analysis
shows that asymptotically it suffices to process the sample set for O (log %) passes.
While near-linear runtime in the required number of samples is known and achieved for
convex learning problems using SGD, no such result was estabilished for the nonconvex
CCA objective previously.

e Third, we show that the streaming version of shift-and-invert power iterations achieves
the same learning accuracy with the same level of sample complexity, given a good
estimate of the canonical correlation. This approach requires only O(d) memory where
d := d, + dy is the input dimensionality, and thus further alleviates the memory cost
of solving the empirical objective. This addresses the challenge of the existence of a
stochastic algorithm for CCA proposed by Arora et al. (2012).

Notation We use 0;(A) to denote the i-th largest singular value of a matrix A, and use
Omax(A) and opin(A) to denote the largest and smallest singular values of A respectively.
We use ||| to denote the spectral norm of a matrix or the f3-norm of a vector. For a positive
definite matrix M, the vector norm ||-||; is defined as |w||,; = Vw T Mw for any w. We use
C and C’ to denote universal constants that are independent of problem parameters, and
their specific values may vary among appearances. We hide poly-logarithmic dependencies
in the notation O(-).

2. Problem setup
Assumptions We assume the following properties of the input random variables.
1. Bounded covariances: Eigenvalues of population auto-covariance matrices are bounded:?
max ([|Eae |, [|Eyyl]) <1,
v := min (Omin (Ezz), Omin (Eyy)) > 0.
Hence E,, and E, are invertible with condition numbers bounded by 1/7.

2. Singular value gap: For the purpose of learning the canonical directions (u*,v*),
we assume that there exists a positive singular value gap A := 01(T) —02(T) € (0,1),
such that the top left- and right-singular vector pair of T is uniquely defined.

Distribution classes In this paper, we analyze three input distribution classes commonly
used in the statistics and machine learning literature. Let

SETANBE

=
Eacy Eyy
2. CCA is invariant to linear transformations of the inputs, so we could always rescale the data.

[
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the distribution classes are defined with (x,y,z) as follows.

e (Sub-Gaussian) Let z be isotropic and sub-Gaussian, that is, E [ZZT} =TI and there
exists constant C' > 0 such that P (|qu‘ > t) < exp(—Ct?) for any unit vector q.

¢ (Regular polynomial-tail, Srivastava and Vershynin, 2013) Let z be isotropic
and regular polynomial-tail, that is, E [zzT] = I and there exist constants r > 1,C > 0

such that P (||VZH2 > t) < Ct~177 for any orthogonal projection V in R% and any

t > C -rank (V). Note that this class is general and only implies the existence of a
(4 4 0)-moment condition for some § > 0.

e (Bounded) Let x and y be bounded and in particular sup <||X||2 , HyH2) <1 (which

implies max (|[Ezz|| , [|Eyyll) < 1 as in Assumption 1).

As shown later, these classes satisfy the same concentration property, allowing us to study
them (and potentially other distributions) in a unified framework.

Measure of error For an estimate (u,v) of the optimal solution to (2), which need
not be correctly normalized (i.e., they may not satisfy the constraints of (2)), we can

always define (@,v) := #—, —1— | as the correctly normalized version. And we
[EZzull [[Egyvl

1

can measure the quality of these directions by the alignment (cosine of the angle) between
1 ) 1
E;,v | V2| Epv

1 1
1
V2
1 1

EZu EZu*
alignment between <Ey2yv7 Eyva*) (all vectors have unit length):

1 1
]), or the sum of alignment between <E§xu, Eg%xu*> and

1 TE * TE *
align ((u, v); (u*,v")) := = 4 lmll + M lny
|Edzull [Egyvll

This measure of alignment is invariant to the lengths of u and v, and achieves the maximum
of 1 if (u,v) lie in the same direction as (u*,v*). Intuitively, this measure respects the
geometry imposed by the CCA constraints that the projections of each view have unit
length. As we will show later, this measure is also closely related to the learning guarantee
we can achieve with power iterations. Moreover, high alignment implies accurate estimate
of the canonical correlation.

Lemma 1 Let n € (0,1). If align((u,v); (u*,v*)) > 1 — 1, then

uTExyV

Vu'Eguy/viE,v

All proofs are deferred to the appendix.

> p1(1—mn).
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3. The sample complexity of ERM

One approach to address this problem is empirical risk minization (ERM): We draw N
samples {(x;,y:)}}¥, from P(x,y) and solve the empirical version of (2):

max uT2xyv st u'¥u= VT2yyv =1 (6)

u,v

where the empirical covariance matrices are defined as

1 Y 1 & 1 <
Sy = N inyiT, Y = N inxj, Yy = N ZY@'yz’T' (7)
i=1 i=1 i=1

Similarly, define the empirical version of T as

_1

~ _1
T:=3%,2%,,%,7 €R&>b, (8)

We will approximate the population canonical correation and directions based on solution
to the above empirical objective.

Before going to the detailed analysis, we highlight the key property that enable us to
study different input distributions in a unified manner. In fact this property is the only
place we handle the stochasticity of data in studying ERM.

Proposition 2 (Concentration property) For anyv > 0, with sufficiently large sample
sizes No(v), the following inequality is satisfied with high probability by sub-Gaussian, reqular
polynomial-tail, and bounded random variables: 3

_1 _ 1 _1 _ 1 _1 _ 1
max (nExf Bt — 1, By BBt — 1, [Ead (Say — Buy)Eyy ||> <v. ()

We provide detailed bounds on Ny(v) for different distributions in Lemma 3.

Roadmap for this section We proceed to analyze the sample complexities, eventually
obtained in Theorem 9. We first analyze the concentration property of different classes
in Lemma 3, and provide the number of samples needed to guarantee small perturbation
between T and T in Lemma 6, which by the Weyl’s inequality (Horn and Johnson, 1986)
provides the sample complexity for learning canonical correlations (regardless of the exis-
tence of a singular value gap for T). Then by the perturbation of singular vectors and
after fixing the issue of normalization, we obtain guarantees for the alignment between the
estimated and the optimal canonical directions.

3.1. Approximating the canonical correlation

We first discuss the error of approximating p; by p1 = o1(T). Observe that, although
the empirical covarAiance matrices are unbiased estimates of their population counterparts,
we do not have E[T] = T due to the nonlinear operations (matrix multiplication, inverse,
and square root) involved in computing T. Nonetheless, we can provide approximation

3. We refrain from specifying the failure probability as it only adds additional mild dependences to our
results.
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guarantee based on concentrations. We will separate the probabilistic property of data—
the concentration property in Proposition 2—from the deterministic error analysis, and we
show below that it is satisfied by distributions considered here.

Lemma 3 Let Assumption 1 hold for the random variables. Then the concentration prop-
erty (9) is satisfied with high probability, if

d
No(v) > Clﬁ for the sub-Gaussian class,
d
No(v) > C'm for the polynomial-tail class,
1% T
1
No(v) > C—— for the bounded class.
vy

Remark 4 When (x,y) have nonzero means, we use the unbiased estimate of covariance

Noxi—%)(yi—y) " f\i xi—%)(x;—%) | ii —¥)(yi-9) "
2 i=i _)(y y) D> 2ima( _)( ) . and By = > 1(yNz)1(y y)

matrices Xy =
instead of those in (7), where X = % Zf\il X; and y = % ZZ]L yi. We have similar con-
centration results, and all results in Sections 5 and 4 still apply.

We will decompose the difference T — T and apply the above concentration results. In
1 1

the decomposition, we need to bound terms of the form E..;? X2, — I. Such bounds can be
1

_1 1
Ezi’ Y Er? — If| using Lemma 5 below. This lemma is

derived from our assumption on

derived from the main result of Mathias (1997), with extra effort taken to understand the
size of perturbation for which higher order error terms can be safely ignored.

Lemma 5 (Perturbation of matrix square root) Let H € R4 be positive definite,
with eigenvalues in the range [Omin, Omax| for some oyin > 0. Let © € R4 pe Hermitian,
satisfying ‘HféG)H*% = 1. Then for ( < %0_2 o2 we have

max " min’

[CERIRIE SR | YA
where Cq = O(logd) is independent of C.

Lemma 6 Assume that we draw N samples {(x;,y:)}Y, independently from the underlying
joint distribution P(x,y) for computing the sample covariance matrices in (7), and P(x,y)
satisfies Assumption 1 and the concentration property (9). Then for v < %72; we have

ol < |T- T <acs-v
where Cy is the same constant in Lemma 5.

We note that the requirement of v = O(v?) is not too constraining, since the size of the
perturbation v is closely related to the statistical error, and we are mainly interested in the
regime of the statistical error going to zero. It is then straightforward to combine Lemma 3
and Lemma 6 to obtain the following sample complexities for the three distribution classes.
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Corollary 7 (Sample complexity for learning canonical correlation by ERM) Let
¢ €(0,1) and € < Cygy?. Then for N > Ny (ﬁ), i.e,

2
N > C% for the sub-Gaussian class,
€
dl 2(1+T_1) d
N > C% for the polynomial-tail class,
€
log? d
N > C% for the bounded class,
€%y

we have with high probability that |p1 — p1] < €.

Remark 8 Due to better concentration properties, the sample complexity for the sub-Gaussian
and reqular polynomial-tail classes are independent of the condition number % of the auto-
covariances.

Comparison to Arora et al. (2017) In a parallel work by Arora et al. (2017), the

authors studied the top-k stochastic CCA for bounded inputs, and proposed stochastic

approximation-type algorithms with @) ( ﬁ) sample-complexity upper bound for approx-

imating the top canonical correlation. We note, however, their stochastic algorithms are
derived from the convex relaxation of stochastic CCA, which lifts the original problem into
the space of matrices in R%*9% and requires a whitening operation (multiplying each fresh

1 1
sample by 3.2 or 2;;) and a projection operation (onto the set of low 2-norm and nuclear-
norm matrices) in each iteration, which are inefficient in high dimensions. Our work studies
three different classes of input distributions in a uniform manner?, with the goal of matching
the statistical limits for the Gaussian inputs (see Section 5.2). The algorithms we provide
in the next sections require only elementary vector operations and thus more practical for
high dimensional data.

3.2. Approximating the canonical directions

We now discuss the error in learning (u*,v*) by ERM, when T has a singular value
gap A > 0. Let the nonzero singular values of T be 1 > p; > py > --- > p,., where
r = rank(T) < min(d,,d,), and the corresponding (unit-length) singular vector pairs be
(a1, b1),...,(ar,b,). Define

| 0 T dxd
C_[TT O]ER . (10)

The eigenvalues of C are

4. If we only study the case of bounded inputs, we can bypass Lemma 5 and the logd dependence in our
bound can be reduced.
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with corresponding unit eigenvectors

alnlalin ) o als ] als]

Glb | Al | B b | B by |

Thus, learning canonical directions (u*, v*) reduces to learning the top eigenvector of C.
We denote the empirical version of C by C and the singular vector pairs of T by

{(a;, 7,)} Due to the block structure of C and C, we have HC - CH = HT - TH Let the

EQ%xﬁ

1
ERM solution be (u,v) = <2m a;, 3,7 b1>, which satisfy =1. We

HZny

now state the sample complexity for learning the canonical directions by ERM

Theorem 9 Let e € (0,1) and € < 60‘” . Then for N > Ny (ifé), i.e.,

dlog®d
N>C oAgQ for the sub-Gaussian class,
€
log2(1+r71)
N > C’W for the reqular polynomial-tail class,
log? d
N>C——= AZ2 for the bounded class,
€

we have with high probability that align ((U,v); (u*,v*)) > 1 —e.

Proof sketch  The proof of Theorem 9 consists of two steps. We first bound the error
T2 Blu |

a standard result on perturbation of eigenvectors, namely the Davis-Kahan sinf theo-
rem (Davis and Kahan, 1970) which states sin?6 < HC;726H2 < Z/—z where 6 is the angle
s34
Egyv

between C’s top eigenvector %

5 and C’s top eigenvector

between top eigenvectors of C and C. We then show that % is very close to

1 1
3 = 5 o
the “correctly normalized” % Exle./ HEfqu

1 1 , so the later still aligns well with the
Egv/[IEg vl

population solution.

Comparison to prior analysis For the sub-Gaussian class, the tightest analysis of the
sample complexity upper bound we are aware of was by Gao et al. (2017). However, their
proof relies on the assumption that ps = o(p1), i.e., they require that ps < p;. In contrast,
we do not require this assumption, and our bound is sharp in terms of the gap A = p; — ps.
Up to the log? d factor, our ERM sample complexity for the same loss matches the minimax
lower bound d2 given by Gao et al. (2017) (see also Section 5.2).

4. Stochastic optimization for ERM

A disadvantage of the empirical risk minimization approach is that it can be time and
memory consuming. To obtain the exact solution to (6), we need to explicitly form and
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store the covariance matrices and to compute their singular value decompositions (SVDs);
these steps have a time complexity of O(Nd? + d®) and a memory complexity of O(d?).

In this section, we study the stochastic optimization of the empirical objective, and show
that the computational complexity is low: We just need to process a large enough dataset
(with the same level of samples as ERM requires) nearly constant times in order to achieve
small error with respect to the population objective. The basic algorithm we use here is the
shift-and-invert meta-algorithm proposed by Wang et al. (2016). However, in this section
we provide refined analysis of the algorithm’s time complexity than that provided by Wang
et al. (2016). We show that, using a better measure of progress and careful initializations
for each least squares problem, the algorithm enjoys linear convergence (see Theorem 12),
i.e., the time complexity for achieving n-suboptimalilty in the empirical objective depends
on log %, whereas the result of Wang et al. (2016) has a dependence of log? %

We also note that the recent work of Allen-Zhu and Li (2016) and Allen-Zhu and Li
(2017) have extended the ERM problem to extracting the top k£ > 1 pairs of canonical
directions, and applied the technique of peeling/deflation together with shift-and-invert.
However, their convergence rate for the fist pair of canonical directions does not improve
that of Wang et al. (2016).> As mentioned above, our result strictly improves that of Wang
et al. (2016), and in particular replaces the O(-) notation with the O(-) notation in total
runtime, achieving true linear convergence.

Roadmap for this section We first introduce the shift-and-invert power iterations and
provide its iteration complexity, assuming that each matrix-vector multiplication or equiva-
lently a convex least squares problem is solved to sufficient accuracy (Lemma 10). We then
show each least squares can be warm-started using rescaled estimates from the previous it-
eration (Lemma 11). Finally, we plug in the time complexity of SVRG for each subproblem,
and give runtime complexities for each distribution class which have different “condition
numbers” (Corollary 13).

The condition numbers depend on, among other things, the smallest eigenvalues of the
covariance matrices, which are bounded away from zero as discussed below.

Eigenvalues of empirical covariance According to the analysis of ERM from previous
section, we have been working in the regime that the concentration parameter in (9) satisfies

v < “’; < 2. Thus in view of Assumption 1, we have with high probability that

b2

1 _1 _1 1

_1 _1

and similarly [|3,, — Ey|| < 3. According to Weyl’s inequality, these inequalities make

sure eigenvalues of ¥, and X, lie in [%, 1+ %], and consequently the involved subproblems
are strongly-convex and can be solved efficiently.

5. See the second and third last lines of Table 1, and the last paragraph of Section 1.2 in Allen-Zhu and Li
(2017): “Our running time matches that of [29] when k£ = 17.
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4.1. Shift-and-invert power iterations

Our algorithm runs the shift-and-invert power iterations on the following matrix

- (AI—@)A -

where A\ > py. It is straightforward to see that M ) is positive definite with eigenvalues

N -T |

by 11
G DY | (11)

1 1 1 1
— > 2> — = > — > > -,
A=D1 A= Dpr A+ pr A+ p1

and has the same set of eigenvectors as C.

Assume that there exists a singular value gap for T (this can be guaranteed by drawing
sufficiently many samples so that the singular values of T are within a fraction of the gap
A of T), denoted as A= p1— p2. The key observation is that, as opposed to running power
iterations on C (which is essentially done by Ge et al. 2016), 1/\\/1)\ has a large eigenvalue
gap when A\ = p1 + ¢(p1 — p2) with ¢ = O(1), and thus power iterations on M, converge
more quickly. In particular, we assume for now the availability of an estimated eigenvalue
A such that A — p; € [ZA uA] where 0 < [ < u < 1; locating such a X is discussed later in
Remark 14.

Define

~ A, —-X ~ b 0
A)\ — |: Tx xy :| , B — |: xTT :| ,
—2; A,

—

and we have M A= ﬁ%f& Bz. And by the relationship A A= ﬁ%Mglﬁ%, eigenvalues of
A are bounded:

-

Omax (B2) < Omax (M3") - max (B) < 04 50)(1+ ),
Omin (1&)\) > Omin (ﬁ,(l) * Omin (ﬁ> > (A= p1)v/2.

It is convenient to study the convergence in the concatenated variables

1
1 [ ] 1 1| B2
Wt 1= —= s = Bzw N
T2 [ v T V2| iy
yyVit
Define the following quantities using the ERM solution
~ l ~
w;zl[f], “Biwo | DU
V2LV 2| Zhv

which satisfy W BW = 1 and T'T = 1 respectively.

10
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4.2. Convergence of inexact shift-and-invert

Our algorithm iteratively applies the approximate matrix-vector multiplications: for ¢t =
0,1,...

ry1 = M)\I't, <~ Wil = A;lBWt. (12)

1 1

This equivalence allows us to directly work with (u, v¢) and avoids computing X3, or 37,
explicitly. Note that we do not perform normalizations of the form w; < w;/ Hﬁ%th at

each iteration as done by Wang et al. (2016) (Phase-I of their SI meta-algorithm); the length
of each iterate is irrelevant for the purpose of optimizing the alignment between vectors and
we could always perform the normalization in the end to satisfy the length constants. Exact
power iterations is known to converge linearly when there exist an eigenvalue gap (Golub
and van Loan, 1996).

The matrix-vector multiplication A;lﬁwt is equivalent to solving the least squares
problem

1 +~ ~
min fiy(w) 1= §WTA)\W —w' Bw; (13)
w
whose unique solution is w;, | = K;lﬁwt with the optimal objective f, | = —%w;ﬁ;‘;;lﬁwt.

Of course, solving the problem exactly is costly and we will apply stochastic gradient meth-
ods to it. We will show that, when the least squares problems are solved accurately enough,
the iterates are of the same quality as those of the exact solutions and enjoys linear conver-
gence.

‘We begin by introducing the measure of progress for the iterates. Denote the eigenvalues
of My by p1 = B2 > -+ > [4, with corresponding eigenvectors pi,...,pq forming an
orthonormal basis of R%. Recall that p; =T, piTMApi =p;fori=1,...,d, and pZTM,\pj =
0 for 7 # j.

We therefore can write each iterate as a linear combination of the eigenvectors: H%H =

T,
Zle &iPi, Where & = ﬁ fort=1,...,d, and Z?Zl ffi = 1. The potential function we
use to evaluate the progress of each iteration is

HPLm ‘1\71;1 Z?ﬁ 51‘,22'/52'
ry) = - )
Pl . Ve
[lxell M;l

where P, and P denote projections onto the subspaces perpendicular and parallel to T
respectively.

The same potential function was used by Garber et al. (2016) for analyzing the conver-
gence of shift-and-invert for PCA. The potential function is invariant to the length of ry,

X é

and is equivalent to the criterion [tan 6] := NV where 6; is the angle between r; and
tl

~ \/g|tanc9t| < G(I‘t) < \/g|tan9t| .

11

T: in the following sense:

]sin 0t| =
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The lemma below shows that under the iterative scheme (12), {G(r¢)}=1,.. converges
linearly to O.

Lemma 10 Letn € (0,1). Assume that for each approximate matriz-vector multiplication,
we solve the least squares problem so accurately that the approximate solution w11 satisfies

* d 2
€ = fre1(Wip1) — ft+1 < min (Z ffi/ﬁi, 51;21/51> . M (14)
i=2

W:]/?\)wt 32
Let T = [log% (%)] Then we have [sin@| < G(ry) < n for allt > T.

4.3. Bounding initial error for least squares

It is natural to use an initialization of the form aw; for minimizing f;1+1(w). The following
lemma provides the optimal o and the resulting initial suboptimality, see detailed analysis
in Appendix D.2.

Lemma 11 (Warm start for least squares) Initializing miny fi41(w) with o wy where

w;rBwt

of = it suffices to set the ratio between the initial and the final error to be

A )
W:A/\Wt

64 - max (1, G(ry)) so that (14) is satisfied.

This result indicates that in the converging stage (G(r¢) < 1), we just need to set the ratio
between the initial and the final error to the constant 64 (and set it to be the constant
64G(rp) before that). This will ensure that the time complexity of least squares has no
dependence on the final error e.

4.4. Solving the least squares by SGD

The least squares objective (13) is the sum of N functions: fi41(w) = Zf\;l fia(w)
where

» 1 Axx!  —x;y) } [ 3 0 }
(W) = —w ! v Vi lw—w! e Wy 15
ft+1 ( ) 92 _szZT )\yzsz 0 Zyy t ( )

There has been much recent progress on developping linearly convergent stochastic algo-
rithms for solving finite-sum problems. We use SVRG (Johnson and Zhang, 2013) here due
to its algorithmic simplicity and memory efficiency; in the next section, we will be using the
“online” version of SVRG for stochastic CCA in the streaming setting. Note that although
fr+1(w) is convex, each component f} 1 may not be convex.

We provide the time complexity of SVRG for this case (based on Garber and Hazan,
2015, Appendix B), as well as the “condition number” for the three classes of distributions
in Appendix D.3 and D.4 respectively.

4.5. Total time complexity

We first provide the runtime for solving the empirical objective using the (offline) shift-and-
invert CCA algorithm.

12
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Theorem 12 Let n € (0,1). Draw N samples for ERM such that omin(Bee) > 3 and
Omin(Byy)) > % Initialize wog = —29— where entries of Wg € RY are randomly sampled

Wy Bwyg

from the standard Gaussian distribution. Then with high probability, offline shift-and-invert

~ T -~
outputs an (ur,vr) satisfying min (“T:E”“, yr 12”") > 1—n in total time

[SZzurl  1Zgvrl
d? d d , . .
Old({ N+ =——]log—=—log = for sub-Gaussian/polynomial-tail,
AZy? Ay Ay
1 d d
Old| N+ —=——)log—=—1log = for the bounded class.
A2y? Ay Ay

We have already shown in Theorem 9 that the ERM solution aligns well with the population
solution. By drawing slighly more samples and requiring our algorithm to find an approxi-
mate solution that aligns well with the ERM solution, we can guarantee high alignment for
the approximate solution as shown in the following corollary.

64Cd7

Corollary 13 Let e € (0,1) and € < . Draw N = Ny (:ngc ) samples for the ERM

objective, and use the initialization stmtegy in Theorem 12. Then with high probability, the
total time for offline shift-and-invert to output (urp, vr) with align ((ar, vr); (u*,v*)) > 1—e
18

dlog*d  d? d d |
O <d< AT T AZ 2> log ~— Ay log A76> for sub-Gaussian,
dlog? "+ g 2 d d o
1 1 -
O <d< I+ A2 + AZ2 0g —— Ar 0g ~—— Ane for polynomial-tazl,
log?® d 1 d d
1 1 _
© (d (€A2fy2 + A2 2> 08 A~ Ary 0g A%) for the bounded class

The e-dependent term is near-linear in the ERM sample complexity N (e, A,~) and is
also the dominant term in the total runtime (when e = o(?) for the first two classes). For
sub-Gaussian/regular polynomial-tail classes, we incur an undesirable d? dependence for
the least squares problem’s condition number (see more details in Appendix D.3), mainly
due to weak concentration regarding the data norm (we have stronger concentration for the
streaming setting discussed next). One can alleviate the issue of large condition number
using accelerated SVRG (Lin et al., 2015).

Remark 14 We have assumed so far the availability of A = p1+c(p1—p2) with ¢ = O(1) for
shift-and-invert to work. There exists an efficient algorithm for locating such an A, see the
repeat-until loop of Algorithm 3 in Wang et al. (2016). This procedure computes O (log %)
approzimate matriz-vector multiplications, and its time complexity does not depend on € as
we only want to achieve good estimate of the top eigenvalue (and not the top eigenvector).
So the cost of locating X\ is not dominant in the total runtime.

13
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5. Streaming shift-and-invert CCA

A disadvantage of the ERM approach is that we need to store all the samples in order to
go through the dataset multiple times. We now study the shift-and-invert algorithms in the
streaming setting in which we draw samples from the underlying distribution P(x,y) and
process them once. Clearly, the streaming approach requires only O(d) memory.

In this section, we assume the availability of a A\ = p; + cA, where 0 < ¢ < 1.5 Our
algorithm is the same as in the ERM case, except that we now directly work with the pop-
ulation covariances through fresh samples instead of their empirical estimates. With slight
abuse of notation, we use (A, B, M)) to denote the population version of (A,\, ]§, M,):

AE,, -E E 0 . )
Ay = [ o zy } , B:= [ . } , M, = B2A[!Bz,
~-E;, AEy, 0 E, A

use {(Bi, pi)}¢, to denote the eigensystem of My, and use (uy, v¢) as well as

1
E%xut

1

2
Eyyvt

9

1 u 1 1
W = —= ! , rr=Brw;=—
V2 | vt V2

t =0,... to denote the iterates of our algorithm. Also, define &;, 6; and G(r;) similarly as
in Section 4.

Handling normalizations It is sufficient to achieve high alignment between

1

rr nguT T T
ez = i /v urEzur + v Ey v
EnyT
1
. .. 1 EZ.u*
where (u,v) are normalized jointly, and r* = 7% i where (u,v) are normal-
Ej,v*
vy

ized separately. According to the lemma below, this would imply high alignment between
1 1

EszuT/HE:%quH
1

1 1
Ejyvr/|Egyvr|

1
V2

] and r* which is our final goal.

Lemma 15 (Conversion from joint alignment to separate alignment) Letn € (0,1).
If the output (up,vr) of our online shift-and-invert algorithm satisfy that

1 u*TEmuT—l—V*TEyva > 1 n
V2 \/u;EmuT + V;Eyva 4

we also have

1 *TE *TE
align ((up, vr); (0, v)) = o | S 4 T
\/u;Exqu \/V}—EnyT

6. Based on the same intuition given in Remark 14, we believe that a procedure similar to that of Wang
et al. (2016) also works in the streaming setting and the cost in locating A is not dominant, although we
do not have a formal analysis.

>1—-n.

14
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Algorithm 1 Streaming SVRG for miny, f(w).

Input: Initialization w" = 0, stepsize scaling factor s = %, (i, S, 0?) are respectively the
strong convexity, streaming smoothness, and streaming variance given in Lemma 16.
forr=1,...,T do

zZ+— w1
2 2. 97—1
me = 451, e max ([42], [2252)
Draw k, samples (x1,¥1),- .., (Xk,, Yk, ) and estimate the batch gradient
R .
g k: Zi:l v¢(z7 Xi, Y’L)
Sample m, uniformly at random from {1,...,m;}
Z <4 Z
fori=1,...,m, do

Draw sample (x;,y;)
z <z — 5 (Vo(zixi, yi) — VO(Zxi,yi) + 8)
end for
w1z
end for
Output: Return w! as the approximate solution.

Note that Lemma 15 improves over a similar result by Wang et al. (2016, Theorem 5),
which requires the joint alignment to be O(n?)-suboptimal for the separate alignment to be
O(n)-suboptimal.

5.1. Solving least squares by streaming SVRG

Turning to the streaming algorithm, the least squares problem at iteration ¢ + 1, is now a
stochastic program:
: L T T
min frr1(w) = oW Ayw —w Bw; = E[¢r1(W; x,y)]
T T T

— 0
)\XxT XyT w— wl | X%
—yxX Ayy 0 vy
pectation is computed over P(x,y). The optimal solution to this stochastic program is
Wi = A;let.

where ¢p1(W;x,y) = %WT [ T ]wt, and the ex-

w:Bwt
W:A)\Wt
ing setting, we instead initialize each linear systems with the zero vector. With this initial-
ization, we have

Due to the high sample complexity of accurately estimating o = in the stream-

_ I'tTM)\I‘t < b1 HI'tH2

5 5 (16)

1
ft+1(0) — ft*—&-l =0- <—2W:BA;1BW1§>

We then solve the linear system with the streaming SVRG algorithm proposed by Frostig
et al. (2015), as detailed in Algorithm 1. This is the same approach taken by Garber et al.

15
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(2016) for streaming PCA, and our analysis follows the same structure. Streaming SVRG is
a natural choice here since it is the “online” version of the SVRG algorithm for optimizing
empirical objectives and enjoys the same algorithmic simplicity and low computational
complexity. Moreover, for stochastic least squares problems, streaming SVRG is shown to
have the same sample complexity as solving the ERM problem (Frostig et al., 2015), which
aligns well with our goal of an overall sample efficient algorithm. With this choice, the final
algorithm is very similar to the stochastic optimization algorithm in Section 4, except that
fresh samples are used for each update.

To analyze the sample complexity of streaming SVRG, we first calculate the streaming
smoothness and streaming variance parameters for the three classes of distributions.

Lemma 16 (Parameters of streaming SVRG) For any w,w’ € R%, we have

o Strong convexity:

fror(w) > frpn (W) + (Ve (W), w —w') + g |w — W/H27
o Streaming smoothness:

E [HV@H(W) - V¢>t+1(W§+1)H2} <28 (frr1(w) = fi1) 5

e Streaming variance:
E |+ [Vowh)|? L] <o
2 (V2 f(wiyy)) -

Here p := Bl > CA~y for some C > 0, and

d
S$=0 <fl> 2= 0 (dﬁf HrtH2>

for sub-Gaussian/regular polynomial-tail classes, and
3 2
S—0 <ﬂ> 2o (& Iz )
Y Y

The proof of Lemma 16 is somewhat technical for the sub-Gaussian/regular polynomial-
tail classes, which repeatedly applies the concentration properties of these two classes. But
this lemma is the key for the sample complexity of our streaming algorithm to match the
lower bound in the case of sub-Gaussian inputs: since we always draw fresh samples in
the streaming setting, the “condition number” S/u for these two classes depend on d only
linearly (as opposed to quadratically in approximate ERM). These quantities determine the
number of samples to be used in each round 7 of Algorithm 1: m, is on the order of the
condition number, and with m. stochastic updates, one can reduce the suboptimality by a
constant factor in each round; x, has to eventually increase geometrically to make sure the
variance is reduced at the same pace.

Based on these quantities, we can apply the structural result of Frostig et al. (2015)
and give the sampling complexity for driving the final suboptimality to 7; times the initial
suboptimality in (16).

for the bounded class.
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Lemma 17 (Sample complexity of streaming SVRG for least squares) Letn, € (0,1).
Applying streaming-SVRG in Algorithm 1 to miny fi11(W) with initialization 0, we have

2
E[firr(WT) = fia] <me <M2rt”>

formr>T'=0 (log %) The sample complexity of the first I iterations is O (A%m + AQLVQ log %)

for the sub-Gaussian/reqular polynomial-tail classes, and O (ﬁ) for the bounded class.

Based on the linear convergence of shift-and-invert, we need only solve O (log %) linear
systems, and we can bound % by a geometrically increasing series where the last term is
(@) (%) (so the sum of this truncated series is still O (%)) This results in the following total
sample complexity.

Theorem 18 (Total sample complexity of streaming shift-and-invert CCA) Lete €
(0,1). After solving T = O (log%) linear systems to sufficient accuracy, streaming shift-
and-invert CCA algorithm outputs (ur,vr) with align((ur,vr); (u*,v*)) > 1 —e. Our
algorithm processes each sample in O(d) time, and has a total sample complexity of

1
(@) (wiQ + A;lfy? log? 6) for the sub-Gaussian/reqular polynomial-tail classes,
1
o <6A2’y2) for the bounded class.

Interestingly, the sample complexity of our streaming CCA algorithm (assuming the
parameter \) improves over that of ERM we showed in Theorem 9: it removes small log d
factors for all classes, and most remarkably achieves polynomial improvement in e for the
regular polynomial-tail class. This is due to the fact that the sample complexity of streaming
SVRG basically only uses the moments, and does not require concentration of the whole
covariance in Lemma 3. As a result, it is not clear if our analysis of ERM is the tightest
possible.

5.2. Lower bound for Gaussian inputs

Consider the following Gaussian distribution named single canonical pair model (Chen et al.,

2013):
MR CIP )] a

where ||@| = ||| = 1. It is straightforward to check that T = E,, = A¢e ' for such
a distribution. Observe that T is of rank one and has a singular value gap A, and the
single pair of canonical directions are (u*,v*) = (¢, ). Denote this class of model by
F(dy,dy,A). We have the following minimax lower bound for CCA under this model,
which is an application of the result of Gao et al. (2017) for sparse CCA (by using rank
r = 1 and hard sparsity, i.e., ¢ = 0 and sparsity level d in their Theorem 3.2).

17



GAO, GARBER, SREBRO, WANG, AND WANG

Table 1: Summary of sample, time (measured in floating point operations), and memory
complexities of different approaches, in terms of (d, A, ¢), for stochastic CCA with
Gaussian inputs. We give the dominant term in complexities as € — 0. Note that
the time complexity of exact ERM is dominated by forming the eigen-system,
while the memory complexity of ERM is dominated by saving the dataset.

Method Sample Time Memory
Exact ERM 0(4) | 0(%)]0(%)
Approximate ERM =~ d ~ [ g2 ) ~ ( 22 )
by shift-and-invert o (W) o (fAiQ O
Streaming shift-and-invert d 22
(assuming close init. for \) O(ze) | © (€A2) 0(d)

Lemma 19 (Lower bound for single canonical pair model) Suppose the data is gen-
erated by the single canonical pair model. Let (u, v) be some estimate of the canonical
directions (u*, v*) based on N samples. Then, there is a universal constant C, so that for
N sufficiently large, we have:

inf sup_ E[1 — align((ur, vr); (u',v"))] 2 C 5
F(de,dy,A)

This lemma implies that, to estimate the canonical directions up to e-suboptimality in
our measure of alignment, we expect to use at least O (&) samples. We therefore observe
that, for Gaussian inputs, the sample complexity of the our streaming algorithm matches
that of the minimax rate of CCA, up to small factors.

In Table 1, we collect the complexities of different approaches, namely exact optimization
of ERM (Section 3), stochastic optimization of ERM with shift-and-invert (Section 4), and
streaming shift-and-invert (Section 5). We observe that while all three approaches are
sample efficient (up to small factors), stochastic and streaming algorithms are more efficient
in time and memory.

6. Conclusion

In this paper, we have studied the sample complexity of population CCA for several classes
of input distributions, and proposed sample-efficient algorithms for learning the first pair
of canonical directions. While the original problem is nonconvex, we exploit its structure
as an eigenvalue problem, and analyze the statistical performance of the shift-and-invert
power iterations.

Based on the deflation/peeling scheme (Allen-Zhu and Li, 2016, 2017) for eigenvalue
problems, our results shall be extended to extracting the top-k canonical direction pairs.
Our algorithms also apply to related eigenvalue problems in machine learning, such as
partial least squares (Chen et al., 2017) and linear discriminant analysis (Bach and Jordan,
2005), which are special versions of CCA with the population covariances being identity
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(i.e., Bz = Eyy = I) and y being one-hot representations for class labels respectively. It
is an interesting question if our general approach can be adapted to study the statistical
performance of the kernel extension of CCA (Fukumizu et al., 2007).
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Appendix A. Auxiliary Lemmas

Lemma 20 The population canonical correlation is bounded by 1, i.e.,
p1 =01 (T) <1.

Proof By the Cauchy-Schwarz inequality of random variables, we have

o1 = El(w (v Ty)] < El(w )% - \E[(v T5)2) = Vi Egpu - /v* B, v = L.

Lemma 21 (Distance between normalized vectors) For two nonzero vectors a,b €
R?, we have

‘ a b H la — b
< <2
lall bl a]
Proof By direct calculation, we have
‘a_bH<‘a_b’+ b_bH
lafl (I [[flall lall lafl  [/b]
la — bl [llall = [bll
= B2y 2
a] all [l

~b ~b
la—b| _ Jla— bl
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where we have used the triangle inequality in the two inequalities. |

Lemma 22 (Conversion from joint alignment to separate alignment) Letn € (0, i)

Consider the four nonzero vectors a,x € R% and b,y € R% such that ||a|| = ||b|| = 1. If
1 T bT
ﬁ ,,axXtby >1—1, (18)
2 2
1[I + Iyl
we also have
(e ) o
]l
Proof By the Cauchy-Schwarz inequality, we have
a'x+bly _a'x x| BTy |yl
x
b2+ Iyl Py g 4 2

() ()

Thus according to (18), we obtain

T 2 T 2
(“) + <by> >2(1—n)?>2—4n.
x| [l

2
Since (%) < 1, this implies

T

>/1—4dn>1—4n

[l

where the last step is due to the fact that \/x > z for z € (0,1). Similarly we have
‘]ﬁ;iﬂ > 1 —4n. Then the theorem follows. -

Lemma 23 (Moment inequalities of sub-Gaussian and regular polynomial-tail
random vectors) Let z € R? be isotropic and sub-Gaussian or regular polynomial-tail (see
their definitions in Lemma 3). Then for some constant C' > 0, we have

4
Ellz|*<d,  Ela|'<C'd?  ElaTs| <’
where q is any unit vector.
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Proof Sub-Gaussian case The first bound is by E||z|* = Etr (zz") =tr(I) = d. To
prove the second one, note that according to Theorem 2.1 in Hsu et al. (2012), we have

P (quz > Cl(d+t)) <et
for all t > 0. Therefore

E [z :/0 P(|lzl* > s) ds
Cfd2 %)
. 4 4
_/O P(HZH >s) ds+/cfd2]P’(HzH >3> ds
< C’12d2 —l—/ exp <— <\/§ — d)) ds
o242 Ch

< C'd?.

4 o0 4
E‘qu’ :/ P()qu‘ >s) ds
0
S/ e~ CVsds
0

<.

Lastly,

Regular polynomial-tail case The first bound is still by E||z|*> = Etr (zz") =
tr (I) = d. When r > 1, we have

E |z|* = /OOIP’ (] > 5) ds
002d2 00
< /0 P <”ZH4 > s) ds + /C2d2p <||Z||4 > 5) ds

2 52 > —Lgr
< Cod* + Cs 2 ds
CQdQ

< C'd?.

To prove the last bound, take V = qq' in the definition of regular polynomial-tail random
vectors, and then
P <‘qu
for any t > C. We have
4 o0 4
:/ P(‘qu >s> ds
0
c? 4 00 4
g/ P(’qu‘ >s> ds—l—/ P(’qu‘ >s> ds
0 C?

2 L _lar
< C*+ Cs 2 ds
02

2 1
>t) <ot

E ‘qu

<.
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Appendix B. Proofs for Section 1

B.1. Proof of Lemma 1

* T *
Proof Using the fact that uTEf"”“ and ¥ Ef”’v are at most 1, the condition on alignment
' EZu ' EEyv ‘
implies
T 3 T
E;u* E; E E
u la:mu :air xlzu ZI—Z, ¥—b—r%"21_g
’E%xu EZ,u ‘Eyva Ej,v
Since {a;}]_; and {b;}/_; are orthonormal, we have
2
: E% u 2
Z aZTL §1_<1_Q) Sﬂ,
; 1 4 2
=2 EZ.u
2
. E v 2
bTL §1_<1_ﬁ) SQ-
; 4 2
=2 Ey2yv
Observe that
1
u'E,,v (ngu)TT yyv + EZu T Eyyv
By S far e |
\/u E;mcU\/V Eny HE2 u ‘ HE2 v i=1 ‘Ez u E§ v
xrxT Yy xTxr vy
2 2
EZ E: . EZ . o
u v u v
T N = B ol P I ol IO
‘ EZ,u Ej,v i=2 EZ,u i=2 ‘ Ej,v
> p1 (1—ﬂ)2—P1'Q>P1(1—77)
2 1 5 =
where we have used the Cauchy-Schwarz inequality in the first inequality. |

Appendix C. Proofs for Section 3
C.1. Proof of Lemma 3

Proof Sub-Gaussian/regular polynomial-tail cases Consider the random variable z
defined in (5), and draw i.i.d. samples zq,...,2z, of z. It is known that when the sample
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size n is large enough (as specified in the lemma), we have

LN

T
— g z;z; —1
N &

with high probability for the sub-Gaussian class (Vershynin, 2012) and for the regular
polynomial-tail class (Srivastava and Vershynin, 2013), given N > C’ 1% and N > C' ﬁ
respectively.

We then turn to bounding the error in each covariance matrix. We note that the

14
< Z
2

1
—3
covariance of f := Emlx is B = [ IT T ] with ||E|| = 1+ p1 < 2 (since the
E_§ T I
vy Y
eigenvalues of E are of the form 1+ 0;(T)). On the other hand, define
irp g 13
E 2 2
.= | ] [ T ey } satisfying ®®' ==
|: Eyy E;ry Eyy

and we have f = ®z by the definition of z. Furthermore, f; = ®z;,7=1,..., N are i.i.d.
samples of f. Therefore, it holds that

N

_1 _1 _1 1
ESN B -1 AT B B T |15 o
1N @i, T3 T 15N gy, TR 2 N szifl o=
¥ 2ic1 By’ yix; Eg? — T ¥ 2ic1 By yiy; Eyy? — 1 i=1
N N N
1 1 1
= (I)(NZZiZ;F_I> o' SHQNI'TH- ‘NZZZ'ZZT—I = |Z|| NZZZZ:—I <v
i=1 i=1 i=1

Since the norm of each block is bounded by the norm of the entire matrix, we conclude that
the error in estimating each covariance matrix is bounded by v, as required by Proposition 2.

Remark 24 In view of Lemma 25 and the proof technique here, for the sub-Gaussian/reqular
polynomial-tail cases, the bound of ||z||* leads to a bound for |x||* and ||y|?:

2 2

<E|f|* < 2E2]* < Cd

E(Ix]? + ly]?) < [Baoll - E HEX

1
+ [|Eyyl - E HEnyY

for some constant C > 0, where we have used Assumption 1 in the second inequality. And
similarly, we have

2 2 4 4
E(lx* + [lyl*)* < Ef]|* < 4E |z]* < C"d?
for some constant C" > 0.

Bounded case Consider the joint covariance matrix

|: E;_Ul_z Exy :| e Rdxd
Emy Eyy
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which has eigenvalue bounded by 2 due to the assumption that [|x||* + |jy||* < 2. Apply-
ing Vershynin (2012, Corollary 5.52), we obtain that

— <v (19)

H [ Ely Eyy E;cry Eyy

with probability at least 1 —d~ " when N > C (t/v")? log d for some constant C' > 0. Setting
1

the failure probability § = d-t gives t? = llzgg 4, and thus we require N > CV—}Q log% for

1 — § success probability.
Due to the block structure of the joint covariance matrix, (19) implies

||2:vy_EzyH Sl/v Xz — Egzll < ’/7 ||Eyy_EyyH <V

hold simultaneously.
Now, to satisfy the first inequality of (9), observe that

1

_1 _1 _1 _
HE:L":E2 Zszch - IH — HEme (sz - E:M:)Ex ?

_1
e

_1

< | Zax — BEaall /v

where we have used the assumption that opin(Ez;) > 7 in the last inequality. Therefore,

_1 1
we obtain ‘EMQ Yoo ErZ — IH < v by setting v/ = v in (19), and this yields the Ny(v)

chosen in the lemma. The other two inequalities of (9) can be obtained analogously. |

C.2. Proof of Lemma 5

Proof This result can be derived from the main result of Mathias (1997) with a bit of
detective work, which is needed to understand the higher order error term. As in Mathias
(1997), assume without loss of generality that H = diag (\1,...,Ag) is diagonal. In the
proof of Theorem 2, Mathias (1997) applied the Daleckii-Krein formula in his equation (4)
with the O-notation, which can be rephrased as (see also Carlsson (2018)[Theorem 2.1]):
for ¢ in a neighborhood of 0, it holds

11 qd
1 1 )\12)\2 1 1 2
e=|(H+(O®)2 —Hz - ( | o(H 20H 2)|| = 0O(¢%)
AN

where o denotes elementwise (Hadamard) multiplication.
To locate the neighborhood of ¢ for which the above is true, we apply the matrix mean
value theorem (Gekeler, 1981) with the second order derivative of matrix square root (Horn
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and Johnson, 1991, Theorem 6.6.30 and page 549) to obtain:

d d

1 1 1
U(r : ‘
( )<; [\//\i(r) + V() VA VM) VA VAT
o [extriei (n)] Jue)”

2

€ <-— max
2 refo,

(20)

where H + 7@ = U(7) - diag (A1(7), ..., A\g(7)) - U(7) T is the eigenvalue decomposition of

the perturbation of H, and ¢ (7) is the k-th column of X(7) = U(7)'@U(r).
d

Define Z(71) = [m} i,j:1. The summation enclosed in () of the right hand
side of (20) can be written as Z(7) o (Z(7) o X(7))?. Thus continuing from (20) yields

2
< 42-712[%%] |Z(7) o (Z(r) o X(7))?]] .

On the one hand, by the assumption that |H|| < opax, we have

1.1 1l -1
IX(r)| = O] = |[HE (1 on 2)HS

< ||| - |Eton

(21)

On the other hand, the matrix Z(7) is positive semidefinite (see Horn and Johnson, 1991,
Problem 9, page 348). Using the fact that ||A o B|| < (max; Aj;) - [|B]| for positive semidef-
inite A and Hermitian B (Horn and Johnson, 1991, Theorem 5.5.18), we conclude

252
e < >R | max max

3
2 T€0,L] T 24/ ]

Let ( < ¢ Ot omin. Then in view of (21) and the Weyl’s inequality, \;(7) > Zmin for all

e

TE [O,C], and we have ¢ < 1202, 0,

max~ min*
To sum up, we have shown so far the following first order approximation: for certain

error matrix £ € R¥*?_ it holds

11 qd
1 1 >\i2)\2 1 1 _3
(H+C®)§ = H> +C 17]1 © (Hig@Hii) +& where ”gH < <2 O max m12n‘
A; +)\; i j=1

Consequently, we have

< ol

A

- o (H 2@H 2)+EH 2,
A2+ A2
i J

(H+(®)2H 7 —1=(
ij=1

Mathias (1997) showed that the norm of the first term on the right hand size is of the order
O(logd - ¢). Combining this with the fact that HEHfé

HSH—%HZO( for ¢ = O(o

< 2C2 Ofax mm, we conclude that

o2y mm) and the lemma follows. m

27



GAO, GARBER, SREBRO, WANG, AND WANG

C.3. Proof of Lemma 6
Proof In view of the Weyl’s inequality, we have

~ _1 _1 1 1
|p1 = p1] < HT - TH = HZMZ BayByy — Eog’ EgyEyy?

For the right hand side of (22), we have the following decomposition

_1
INED N SIEI o)

1
2
r EWJEZJ?J

N
D=

1

_1 _1 z _ _1 _1 _1 _1 _1
= (296%2 - Em2> Yoy By + Eod (Bay — Egy) By + Eoi’ Egy (E v Eyy2> - (23)
By the equality
A _Bi=B: (B% — A%) A3,
the first term of the RHS of (23) becomes

_1 _1 1 _1 1 1 _1 1
<sz2 - E:c:c2) Ezyzygf = Exx2 <Ex21: - 21}%&) 296902 z):rzg/z:ygf .

When

_1 _1
E.2Y. . E.2 — IH < v, according to Lemma 5, we have (by making the identification

)

1 1

E;E (sz - Ex:c)E:;:ci

1 1

that H = Ex:ca C = HExCCQ(Ex:v - Ea:a:)E;a? ; and © = (sz_E:cm)/

_1 1 1

1
2

_1
for v < %72. Combining with the fact that || ¥ 3,,3,,7 | < 1, we have

<Cy-v.

_1 _1 _1
H (2112 - Emf) Ezyzygf

_1
2

_1
A similar bound can be obtained for the third term of (23). Observe that when ‘Eyyz Yy By

v < 1, we have ||3,, — Eyy|| < v and all eigenvalues of 3, lie in [y —v,1 4+ v|. Addi-
1 1 1 1

1 1 ]
)

tionally, E;yEEnyy_yi is invertible, and all eigenvalues of E;ygEny;yi lie in [m, i

_1 _1
impling that H2yy2 E, >, —IH < £, According to Lemma 5, we have (by mak-

1-v
_1 _1
ing the identification that H = X,,, ( = HEWQ (Byy —Ey)X/2 ||, and ©® = (3, —
_1 _1
Eyy)/ szzf(zyy —Eyy) 2y ||)
1 1 _1 .
(oh ) < "
—v

1
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2
for v < % ( A{;’j) , which is satisfied for v < i'yQ. Therefore, we can bound the third term

of (23) as
_1 1 1 _1 1/ 1 1 1
HEM2 Eqy <Eyy2 - Eyy2> H = HEMQ EqyyEyy’ (EyQy - 259) Sy’

1 1 _1
- H (E - z) s,

_1 _1
< HExx2 EmyEny

<Cd-y
—1—-v

SQCd'V

where we have used the fact that

_1 _1
E.7 E; Ey/} H <1 by Lemma 20.

For the second term of (23), we have by assumption that

<.

_1 _1
HEM‘Q (Ezy - Eary) 2yy2

Applying the triangle inequality, we obtain from (23) that

To sum up, it suffices to set v = ﬁ to ensure H’f — TH < €, and this yields the desired

1 p—

_1 1
Yod BoyByy — Eoid EgyBEyy

N
[NIES

<4Cy - v. (25)

sample complexity.

C.4. Proof of Theorem 9
VeA

Proof Apply Lemma 6 with ¢ = where € € (0, 1) is the desired accuracy in Theorem 9.

Since HT — TH <€ < %, the eigenvalues of T are within % of those of T due to Weyl’s

inequality, so there exists a positive singular gap of % for the empirical estimate ’i‘, whose
first pair of singular vectors is unique. In view of the off-diagonal structure of 6, we observe
that HC - CH = HT ~-T
the number of samples given in the theorem ensuring the € perturbation, according to the

Davis-Kahan sin § theorem (Davis and Kahan, 1970), the top eigenvectors of C and C are
well aligned:

) < ¢ and that the top eigenvector of Cis unique. Then with

112
sin? 9 < HCQQCH < 222 = 1—66 (26)

where 6 is the angle between the top eigenvector of C and that of C. This is equivalent to

2 2

1 1

1 1 1
HEﬁxu* — Xzl + HEyva* — X5V

(27)
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2
€
<%

In the rest of the proof, we fix the issue of incorrect normalization of (u,v). Recall we
have shown in the proof of Lemma 6 that (see e.g., (24))

<< ﬁ
_ —_ 4 .
2 1 11 1
= HEatzmu* - <Em2x2m32> <E§xﬁ>
1

1 _1

2

1 2

1 1
and so max (HE%mu* —X2u

1 1
2 X 25
Ej,v* -3,V

9

1 _1
HI - E%xzx:g

Consequently, we have

1 1 2
Ezu —EZu

:

1 1

1 1 1 _1?
<2 ' Ei,u" — ¥2,ul| +2 HI —Ei. 2.7

IN
[ NN WS e

_l’_

ool o

<

1
where we have used the facts that (x + y)2 < 222 + 2y2 and ’ Yz2.ull = 1 in the second

inequality.
According to Lemma 21, we then have

2 1 1|2
EZu’ B2 4 HE%IH* - Biu 1 1|2
- — - 5 =4 HE%wu* —Ez.u|| <2e
1 o 1
and thus the alignment between these two vectors is
2
T 1 1
u' E; . u 1| EZzu* EZ.u
719”” =1-= alm — fx >1-—e
‘Eﬁ HEu HEﬁ
A similar bound is obtained for v:
ST *
v'E,v
- Yy >1—e
E;, v
Averaging the above two inequalities yields the desired result. Requiring that ¢ = ‘/iA <
2.4
Cy7? as in Corollary 7 leads to the extra condition that e < 162%7 . |
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Appendix D. Proofs for Section 4
D.1. Proof of Lemma 10

Proof If we obtain an approximate solution w1 to (13), such that fi11(wii1)—frr1(Wip ) =
e(w, Bwy,), it holds that

o[-
~ 1 ~1 T~ 1~ 5 1 51 51
1 ER -3 -3 2 2w’
<B2wt+1 - BQWt+1> BANB (B2wt+1 B BQWHI)
% T -1 * 1 * 2
(rev1 —rig) M (reg —xiyy) = 2 e - r”lHﬁKl ’
or equivalently

rers — r?+1Hﬁ;1 = V2 - el

Note that our choice of ¢ is also invariant to the length of r; (or whether normalization is
performed).

For the exact solution to the linear system, we have

d
v = Mar = re Y Biuipi

i=1

As a result, we can bound the numerator and denominator of G(r:y;) respectively:

Ttyr1 T s N
e H%,,H < (P rtils + P (e =) i)
1
< [Tt (}lplr;rl”ﬁgl + [ - r:ﬂuﬁ;l)
I | d
frd t . 2 2
and
Pie | gy (Pl = 1Py G = 5700 )
[Tl Mt sy M, M
1
= res | (HPIII':HHﬁ;l - Hrt+1 _r:ﬂHﬁ;l)
- Al (Jaa - va).
llreral|
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Consequently, we have

\/Mﬁ/g < fa E?:z%/ﬁi%-\/ﬁ

G <
N Y Y =y
B2 + e T
-G Zg:2£t2i/ﬁi
= G(ry) - v il

b= e
As long as /2¢; < min (\/2?2 &2 /B, \/531//81> : %, ie.,

d
€ < min (Z&i/ﬁm &1/6

=2

) (B - B2
32 ’

we are guaranteed that

PrL+3P2

G(I’t+1) < G(I‘t) 351 i 52.

Substituting in 8; = )\%ﬁi with A — p1 < 3, we obtain that
B1 + 352 <

5
— < 1.
31+ P2 — 7

This means that if (14) holds for each least squares problem, the sequence {G(r¢)}i=o,. .
decreases (at least) at a constant geometric rate of % Therefore, the number of inexact

matrix-vector multiplications 7" needed to achieve |sin 07| < 7 is logz (@) [ |
5

D.2. Bounding the initial error for each least squares

We can minimize the initial suboptimality for the least squares problem f;;; for reducing
the time complexity of its solver. It is natural to use an initialization of the form awy, a
scaled version of the previous iterate, which gives the following objective

(WtT KAWt) 2

frr1(awy) = 5 o — (w] Bwy)a.
This is a quadratic function of «, and minimizing f1(aw;) over « gives the optimal scaling
=
of = vy Bwe (and this quantity is also invariant to the length of w;). Observe that of

wlA Wi
naturallty Iileasures the quality of w;: As w; converges to w, «af converges to /1. This
initialization technique plays an important role in showing the linear convergence of our
algorithm, and was used by Ge et al. (2016) for their standard power iterations (alternating
least squares) scheme for CCA.
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Proof [Proof of Lemma 11| With the given initialization, we have

frr1(agwy) — ft*-i—l < ft+1(ﬁlwt) - ft*-i-l

5 r/ M;'r; rMyr,
Lt 5 My —511':1'1:-1- 5

r

H tH th’L( : Qﬁl +ﬁl>
HrtH Z gtz 5 5

d_ 2
< (wi Bw) Bwt O
— b
Therefore, in view of (14), it suffices to set the ratio between the initial and the final error
of fi41 to

16
max (1, G(ry)) - 61
(B — B2)*
2
In the initial phase, G(r;) is large, we can set the ratio to be G(ry) - (ﬁllﬁé;)g, until it
is reduced to 1 after O (log G(rp)) iterations. Afterwards, we can set the ratio to be the
2
constant of ( ﬁw% 7 until we reach the desired accuracy. Observe that
1—pP2
2 - 2 A — 5\ 2
61 5 = 1>\—P11 :<A pf) §<u+1>2§4
(51 - 52) 51 A—p2 P1 — P2
|

D.3. Time complexity of SVRG for finite sum with nonconvex component

Lemma 25 (Time complexity of SVRG for (15)) With the initialization oy wi, SVRG
outputs an Wiy such that fiy1(Weg1) — fig < e(wy Bwt) in time

O (d(N + &) log (64 max (G(ry), 1)) - k) ,

where k = ma’j{

L with L; being the gradient Lipschitz constant offtH, and A is the strongly-
convex constant of fii1. Futhermore, if we sample each component ft+1 non-uniformly

with probability proportional to L? for the SVRG stochastic updates, we have instead k =

[1 N
N Zi:l L?
A2 :

Although not explicitly stated by Garber and Hazan (2015), the result for non-uniform
sampling is straightforward by a careful investigation of their analysis; we provide detailed
proof of this result in Appendix F. The effect of improved dependence on L;’s through non-
uniform sampling agrees with related work (Xiao and Zhang, 2014). The purpose of the
non-uniform sampling variant is to bound x? with high probability for sub-Gaussian /regular
polynomial-tail inputs.
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D.4. Bounding the condition number for SVRG

The next lemma upper-bounds the “condition number” 2.

Lemma 26 Solving min f;1(w) using SVRG with non-uniform sampling, we have k? =
w

@) (ié—;) for the sub-Gaussian/regular polynomial-tail classes with high probability over the
) for the bounded class.

sample set, and K> = O (A%Q

Proof The gradient Lipschitz constant L; is bounded by the largest eigenvalue (in absolute
value) of its Hessian

Q. — [ axix] —xy)l ]
g —yix;  Aviy] |

and the largest eigenvalue is defined as

2 2
nax ﬁzz\[gwgy] A[ ” st gl + g2 =

g-ERdx g, eR%Y

We have

8= ’A(glxz')z + (g, yi)? — 2(ga xi)(8, ¥i)
< Mgy xi)® + Mg, yi) +2 g, Vi
< Agaxi)® + Mg, yi)? + (8rxi)* + (8, ¥i)°
= (+ 1) (8] x)* + (8] v:))
1)l Il + gy 2 1y 1))
(A1) - max ([l i)
)

<O+ 1) (Il + lyil?)

ga: X4

IN

IN

where we have used the Cauchy-Schwarz inequality in the third inequality.
Note that, for bounded inputs, we have ||x;||> + |ly:||* < 2 and so L? < 4(A + 1)? for all
i =1,...,N. For sub-Gaussian/regular polynomial-tail inputs, we have

N
}V; O+ 1) NZ(lellJrHyzll) O((A+ 1)

with high probability in view of Remark 24.

On the other hand, we have shown that A = owin (Ay) > (A — p1)7/2. Recalling
A =P + cA with ¢ € (0,1), we have A < 2 and A > ¢Av/2. Combining this with the data
norm bound above yields the desired result. |
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D.5. Proof of Theorem 12

<1and ¥ < 1, it suffices to require

2
Yizur

. T u
Proof Since YZ Zazl
’ Zyva

Tz: yyV

ur' T4 v B,V
1
Z3129vuT

>2—n.

1
2
Yoyvr

1 1

According to Lemma 22 (making the identification that a = 2,1, x = X2, ur, b =
1

1 1
35,v, and y = 3, vr), it then suffices to have

1 A'Eur +v'S,vr
cosOpr = —

\/§ \/H}SWCUT + V}—Eyva

>1- (28)

0|3

Since cosfr = m > 1 — sin? 07, we just need [sinfp| < Y1 and we ensure

\/g?
it by requiring G(ryp) < %. Applying results from the previous sections, we need to

Glro )) linear systems, and the time complexity for solving each is at most

O((N+r )log (G(ro) - K)) for SVRG.
It remains to bound G(rp). By the definition of G(-), we have

\/ = 2€Oz ﬁz 61
Ba |§01|

501/51

solve O (log

where |£p1] is the alignment between ry and p; which, by the relationship between ry and
w, satisfy

~TSHL ~ gy gy ~ ~ S1
C o [Bim|  [WIBie)|  [Bie R/ Il T (Bipr/||Bip )]
r0p1’_ ~1 = ~1 ~ = 51
B~ w5 ol ol BY)
~ 1 - ~1
O'min(Bi)‘ <WO )T B2p1
" o8 [\l \[BEni] )|

According to the way wy is initialized and Arora et al. (2009, Lemma 5), we have with prob-

(Hgﬁnf ()Eipw

~1
1) and fBh _ (L i - _o(. /L
(9(3) and - (@) ( ﬁ) Combining these results yields that G(rg) = O ( Ay

with high probability. Then the theorem follows. |

ability at least 1 — C that . On the other hand, we have & =
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D.6. Proof of Corollary 13

1 1
Ezgqu/ Yizur
Proof Denote T := % h . , with ||| = 1. Assume without loss of
Ejyvr/ || Egyvr
1 1
generality that ‘ Yizur| = ||Xjyvr|| = 1; this does not affect our measure of alignment,

and can be ensured by a final (separate) normalization step with cost O(Nd) (Wang et al.,
2016).

Apply Lemma 6 with ¢ = %, requiring that ¢
to the extra condition that € < 642%7

With the specified sample complexity, we have that with high probability

\fA

< Cyv? as in Corollary 7 leads

o< 2 <2 »
In view of the Weyl’s inequality, (29) implies that A > TA.
1 1
2 * 2
Let r* = % Eiﬁxu be the top eigenvector of C. And recall T := L Efzu is
2| B2, v V2 X5,V
Yy yyV

the top eigenvector of C. According to the Davis-Kahan sin 6 theorem (Davis and Kahan,
1970), with the number of samples given in the theorem, the top eigenvectors of C and C
are well aligned:

where 6 is the angle between r* and r. This implies that

Tr* =cosf =1—sin?h > 1 — sin? t9>1—i

64

We now show that the theorem follows if we manage to solve the ERM objective so
accurately that

5 — Yzur v Eyva = €

/uT :)::):uT /VT ¥,V 8192

To see this, first observe that (30) implies

(30)

€
7 -7 5 < o

and as a result

P Il S [~ [ R
32

rTr*>r r* —

F-1)"
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Consequently, we have

1 1 1 2 1 1
3 Ei,u* — X2 ur|| + ||Ejyv' — X5, vr

2
— F-r|2=2 (1 —?Tr*> < £
16

1 2

1 1 1 1
EZ,u* — X2ur

2 <k 2 €
Eny —EnyT

2
) < §. We are now in the same

A

)

and so max ('

situation as (27); we can fix the incorrect normalization of r analogously and then our
lemma follows.

It remains to show the time complexity to achieve (30). According to Lemma 22, it
suffices to have

~T oT
L u' Xgur+v X, vy S 1_ i (31)
V2 \/u; Yecur + V}—Eyva

cos O = > 515

In turn, it suffices to have [sin 07| < 55 and we ensure it by requiring G(rr) < 555. We

obtain the stated time complexity by applying Theorem 12 with n = 5.
|

Appendix E. Proofs for Section 5
E.1. Proof of Lemma 15

Proof The desired result is a direct consequence of Lemma 22, by making the identification
that

1 1 1 1
a—= E%xu*, X = E‘%qu, b= Ejyv*, y = EyQyVT.

E.2. Parameters of Streaming SVRG for stochastic least squares

We divide Lemma 16 into the following three propositions.
Proposition 27 (Strong convexity) For any w,w’ € R%, we have
fer1(W) > frpa (W) +(V froa(w'), w — w') + g |w —w'||*
where p = % > C A~ for some C' > 0.
Proof Just observe that the Hessian of fi11(w) is Ay = B%MXZLB%, whose eigenvalues

are bounded from below: opin (Ay) > (A — p1) - Omin (B) = v/B1. The lemma follows from
the assumption that A = p; + cA for ¢ € (0,1). [ ]
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Proposition 28 (Streaming smoothness) For any w € R, we have
* 2 *
E [[[Vérii(w) = Vo (win)[*] <28 (fera(w) = fi2)

where S = O (%) =0 (%) for the sub-Gaussian/reqular polynomial-tail classes, and

S=0 (%) =0 <Ai7) for the bounded class.

Proof Observe that

Axx!|  —xy ! xx |
Voiii1(w) = [ _yxT )\y;,‘l' }W - [ vy T }Wt

As shown in Lemma 26, this gradient function is Lipschitz continuous:
[Véri1(w) = Vorp(wip)|| < (A+1) - sup (||, [yl]) - [|w — wip |-

Note that A < p; + uA where p1 < 1, A <1, and u < 1 by assumption, and thus A < 2.
As a result, we obtain

E ||V (w) — V¢t+1(wf+1)“2 <9E [HXHQ + HYHZ} lw = W:+1H2-

For the distributions of P(x,y) considered here, E ||x||* and E ||y||* are both O(d) for
the sub-Gaussian/regular polynomial-tail inputs (see Remark 24), and bounded by 1 for
the bounded inputs.

On the other hand, according to Lemma 27, we have

Fw) = f(wiy) > CAy [ w = wiy |

for some C' > 0.
Combining the above two inequalities gives the desired result. |

Proposition 29 (Streaming variance) We have

1 ,
E |:2 ||v¢(wt+l)H§v2f( -1 < 02-

W:+1))
where 02 = O (dﬂ% HrtHQ) for the sub-Gaussian/regular polynomial-tail classes, and o? =

2
@) (ﬂ%“) for the bounded class.

Proof Observe that wf,; = A;let and

* Axx!  —xy! _ xx |
Vo(wiy) = ([ —yxT Ayy" } A'B- [ yyT | )
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Axx!  —xy! T

—yx| Ayy!

XX

Define the shorthands D = B_’ [ ] B~ 3 and E = B_’ [

Then we have

1 *
B |5 190l s, )| = E 1700w

e[} [ tvotmin,

IAY IB%]
A

e )
= iE [rj (M)D —E) - M, - (DM, — E)rt} : (32)

Bounded case For the bounded case where sup (||XH2 , Hy|]2> < 1, the derivation is
relatively simple. We can bound ||DJ| < % and [|E| < %, and thus

2
[[IVEX]] [l

1 *
E 9 HV(ﬁ(WtH)H?vzf(w;;ﬂ))‘l] < E DM, - E|

< B lrll? (E DML + E|[B|1?)

o (5? \|gtu2>
Y

where we have used the triangle inequality and the fact that (z + y)? < 222 + 2y? in the
second inequality.

Sub-Gaussian /regular polynomial tail cases We now omit the subscript A in M)
and ¢ from iterates for convenience. Using the fact that ||x +y|* < 2||x||* + 2 ||ly||* with

x = M2DMTr and y= M%Er, we continue from (32) and obtain

1 ,
E |3 ||v¢(wt+1)H§v2 f(wzﬂ))—l} <E [rTMDMDMr} +E [rTEMEr] .

m\»—A

1
Introduce the notation u = E;?x, v = E,,’y, and parition r and M according to (x,y):

r = |:rz:| M = |:Ma::n Ma:y:|
ry|’ My, My, |’

In view of Lemma 23, we can assume max <E ul[*, E HVH4> < Cd?. From now on, we use

C for a generic constant whose specific value may change between appearances.
We have

EME — [uuTMmuu—r uuTMxyva] .

T T T T
vv' M uu'  vv' M, vv
and thus

r EMEr = rquTMmuuTrx + I‘;VVTMnyVTI‘y + QrquTMxyvary.
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We have for the first term that

2
E rluuTMmuuTrx] =K {r;u‘ uTMmu]

< \/E|rlu|4\/]E\uTMmu|2
2 T 2
< Cllra[|” \/E[u! Magul

2 4
< C [ Mg | [[re[|” /E [[ul]
2
< C M| ez ]” d.

Similar arguments also lead to
2
E [r;vaMyyvary} < C|M]||Jry||? d.

For the third term, we have

E [rTuuTMxyvary} < \/E v ul® ’I‘;V‘Q\/E |uTMgcyV|2

I A\ 1 A\ 1 N N
vyl > <E‘r;v‘ > (Ela)*)* (EIvI*)

< O M lre | f[ry[l d-

<M (E

Therefore,
E [rTEMEr} < M| |r]? d.

Now we need to bound E [r"MDMDMTr]. Using the fact that [|x +y|* < 2|x|*+2|y|?
with x = M%DlMI‘ and y = M%Dng, this can be bounded by two terms:

E [rTMDMDMr: < 9E [rTMDlMDer} +2F [rTMDQMDng]

where

vu 0

[ 0 0 T
D, — |8 T]) Dg:—[ . uv}

The bound for E [rTMDlMDer] can be derived using the same argument that bounds
E [rTEMEr} (now Mr plays the role of r in bounding E [rTEMEr] ), and thus we have

E [rTMD1MD1Mr} < O |M| [Mx|2d < C M3 ||r| A%d.

Finally, we bound E [r" MD;MD;Mr|. Note that

T
T

uvTMyxuv
vu' M, uv’

-
uv' M, vu

—D:MD, = I:VUTMxyVll

40



STOCHASTIC CANONICAL CORRELATION ANALYSIS

Let

and then

—r'MD>;MD>sMr = m;uVTMyyvume + m;vuTMmuvay + QquVTMyzuvay.

Similarly to what we have done above,

E|m,] ule\/IyyvuT m;

< \/E‘m;u|4\/E|VTMny’2
< C M| |lmg[*d

< C M| [|r]|* d.

The same bound also holds for E ‘m;/r VuTMmuvay‘ with the same argument. For the
term E ‘m;ruvTMyxuvayL we have

1 1 1 1
E [m]uv Myouv Tm, | < M| (Emul) " (B myvl*) (Efu)*)" (B v)*)*
< C[M]) [jm, | oy | d
< C[MJP e d.

Combining all the terms, and noting that A < 2, we have shown that
E [rTMDMDMr] < O IM)?|Jr|% d.
And the final bound is

E[r"(MD - E)M(DM - E)r| < € [|MI + M| | [x|*d = 0 (5} |r|*a).

E.3. Proof of Lemma 17

Proof For notational simplicity, we omit the subscript ¢ + 1 below.
According to Frostig et al. (2015, Theorem 4.1), we have that for iteration 7 of Algo-
rithm 1
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Using the inequality (z +%)? < 2(2? 4 y?), it holds that

2

§ wT—1) — f* o § WT—]. _p¥ J2
<\/ME[f( )=+ ) < uE[f( ) =[] + 207

is iteration s — 2. m. — [S. _ s o
Now, set for this iteration s = ¢, m, = [ucgw’ and k; = max <[#02L [61\\1‘75”2631)’ for
some ¢z, c3 € (0,1). We continue from (33) and have

E[f(w)~ 7] < o Kﬂ j fas ;45) E[f(w) - f7] + 2 j:‘%ﬂ
Iy (ARPSRERG BN A
<22y E[f(w) — f*] + 1063 - il ||21't||2'

We can now calculate the number of samples used in this iteration, which is
om0 (Y ) (L i) "
3 Y33 A2c3  A242c2
for sub-Gaussian /regular polynomial-tail inputs, and
2 2
for bounded inputs.
Let us fix o = ﬁ for 7 =1,...,T. In view of our initialization strategy (16), setting

2
c3 = % for 7 = 1 gives E [f(wl) — f*] < % Afterwards, we halve c3 at each outer
2
loop 7 = 2,..., and this makes sure that E[f(w") — f*] < ’81”2%“

To achieve the desired accuracy, we need I' = O (log %) outer iterations. Summing (34)

and (34) over 7 = 1,...,T", and noting 2521 271 =0 (i), the total sample complexity is

r
d _, 44%d 1 d d 1
=2 27 dog— | =0 -—5—+ - log—
° <A2 0;1 TR s m) ° <A277t TR 0 m>

for sub-Gaussian /regular polynomial-tail inputs, and

r
1 r—1 2 1 _ 1
@) (A%Q (20 TE:12 + 44 - log Ut)) =0 <A27277t>

for bounded inputs (we have dropped the second term since log % is of lower order com-
pared with %) [ ]
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E.4. Proof of Theorem 18

Proof Recall that our streaming CCA algorithm performs shift-and-invert power iterations
on the population matrices directly. Following the same argument in the ERM case in
Corollary 13, as long as each least squares objective is solved to sufficient accuracy, i.e.,

Jealwie) Jien ¢ g, (i /6 531/61> e (36)
=2

w;r]/f\iwt 32 ’

the algorithm converges linearly, and therefore we only need to solve T'= O (log %) linear
systems. But due to the zero initialization we use in the online setting, the ratio between
initial error and final error for each f;4; is different from the offline setting.

When G(r;) > 1, we are in the regime where 2?22 £2/B; > £%4/B1, and we can ensure
the sufficient accuracy in (36) by setting the ratio between the initial and the final error to
be

(81 — B2)? (¢4)

ne =

1637
in Lemma 17. Since % < 4, this implies that
1.6 64(1 4 tan?6;) < 64 ( 1 + @GQ(rt) <64 (1+ G*(ry)) <64 (1+G*(x0)).
ne — cos? by B b1 B B

Note that the sample complexity of this phase does not depend on the final accuracy in
alignment.

When G(r;) < 1, indicating that we are in the converging regime where Z?:Q £2/8; <
€2,/B1, we can ensure the sufficient accuracy in (36) by setting

(81— B2)? (Z?:z §t21>

in Lemma 17. This implies that
1 64
e
Ny~ sin® 6,

Our goal is to have sin? 67 < 7> as this implies cosp = /1 — sin?@p > 1 —sin?0p >
1 — ¢, and by Lemma 15 this further implies align ((ur, vr); (u*,v*)) > 1 — € as desired.
Since sin? 6; < G?(r;), and we have shown that G?(r;) decreases at a geometric rate, we can
bound ﬁ by a geometrically increasing series where the last term is %, and the sum of
the truncated series up to time 7' is of the same order of the last term, i.e., Zthl % =0 (%)

And the theorem follows from Lemma 17, by summing the sample complexity of least
squares problems over the outer shift-and-invert iterations.

We remark that to achieve the result with probability 1 —¢, we require each least squares
problem to be solved to the desired accuracy with failure probability §/log(1/€) (using the
Markov inequality) and finally apply the union bound. This would only cause additional

log(1/€) factors in the total sample complexity. [ |
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Algorithm 2 Non-uniform sampling SVRG for optimizing finite-sum of nonconvex com-
ponents F(w) = % Yoy filw).
Input: Stepsize s.
Initialize wo € RY.
for j=1,2,...,M do
u <+ W;—1
Evaluate the batch gradient VF (@) = 2 3" | Vf;(a)
Up < W _1
fort=1,2,...,m do
Randomly pick i; from {1,...,n} with probability {p;}? ;.
W —S (sz‘t(ut—l)*vfit(ﬁ) 4 VF(fl))

Piyn

end for
W) i Wi
end for
Output: w), is the approximate solution.

Appendix F. SVRG with non-uniform sampling for finite-sum of
nonconvex components

In this section, we show that for optimizing a convex objective that is the finite-sum of
nonconvex components, sampling each components with probability proportional to its
smoothness parameter, as shown in Algorithm 2, leads to improved convergence rate. In
particular, the final time complexity depends on average smoothness parameter rather than
the maximum smoothness.

Lemma 30 Let F(w) = 13" | fi(w), where F(w) is u-strongly conver, and each com-

T n
ponent fi(w) is Li-smooth. Let w* = argminy, F(w). In the inner loop of Algorithm 2,
2

sample iy using weighted sampling probability {p;}?_, from {1,...,n} where p; = ﬁ,
j=1+]
n 2
and set s = 1122:’57;@, m = % Then the iteration complezity (number of vector

operations) to reach e-suboptimality is

@<<n+z;_;2@>log<nzua> (f( 0) — F( >>>'

Proof For the inner loop of Algorithm 2, we are performing updates of the following form:
Ut < Up—1 — SV,

where
_ Vfi,(w—1) = Vfi, (1)

b

v, + VF(q).

Taking expectation over the random choice of component i;, we have

Et [Vt] = VF(ut_l)
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We now upper bound the variance of vy:

Vi (u—1) = Vfi, ()
piyn

2
E; ||[ve — VF(u1)|* =E; [ + VF(a) — VF(utl)]

= 1 i (u — Vi, @|*] - u — )2
| IV falwn) = VA@IP| - IV F () - VF@)

n

slz
<= Z (19 me) — VA + 19 A(8) - Vw1

<EZLi (s — w1+ - w72
on i=1 pin

where we have used the fact that E||x — E[x]||* = E||x||* — (E[x])? for a random vector x
in the second equality, and that ||x +y||* < 2||x||* + 2 |ly[|* in the second inequality.
By choosing

i IV fi(w—1) — V(@)

L2
pi = nizLy
Yim L
the above inequality becomes

25" L2 . 8 .
e~ VE( )| < 22215 (w4 - w?)

Define L = %Z?:l L; which is an upper bound of the smoothness parameter of the
average function F(w) as

n

F(a) ~ F(b) =+ 3" fi(a) ~ fi(b) < - 3" (Vfi(b),a b+ = la b
=1

=1
> i Li
2

3\'—‘

= (VF(b),a—b) + =22 |la—b]*,

and define I = 1/ % S L?. We then bound the distance from each iterate to the optimum:

B [y — w*|? = [lusoy — w*[|* = 25 (w1 — w*, By [vi]) + 8Bt || v
<y = w* = 25 (woy = W, VE () + 87 [ VE () ||* + 2517 (Hut—l —w|? o - W*H2>
<oy = WP = 2spe gy = w4 $2E2 gy — w4 26202 (JJugg = WP - w)P)
)2+ E||x — E[x]||* in the first inequality,

w) in the second inequality.
Therefore, we continue from above and

where we have used the fact that E||x| = (
and the smoothness and strong convexity o

By the Jensen’s inequality, we have L <
obtain

E, [Hut - w*ﬂ ~E [||uH - w*ﬂ < (332£2 - qu) [y — w* % + 25202 & — w2

[x
f F(w
< L.

45



GAO, GARBER, SREBRO, WANG, AND WANG

Summing the above inequality over the inner loop yields
m
E|u, — w*||> — E|jug — w*||> < (332L2 - 2s,u) Z Ju;y — w*|)? + 2ms?L? |[a — w*|?
t=1
Using ug = u and rearranging terms, we have
m
(st - 352L2> 3wy — wo? < (1 + 2m52L2> 1@ — w*|?
t=1

Using & = w;_1 and w; = L 57 T u,, we obtain

1+ o2ms2L?

*12
Elw; — w*|> < -
2msp — 3ms<L

E [lwj-1 — w*[|.

Setting
2 1 12112
S = PN m = ~ — 2
1112 2522 Su
we obtain
lwj = wI" < SE [[wj—1 —w"||".

Therefore the squared distance to minimum decreases geometrically for each outer loop.
After M iterations, we have

T T M T M
Flwar) = FOv) < 5 s =P < 5 (5) Iwo w2 (3) (Plw) — FOw)),

Setting the right hand side to € gives the number of outer iterations M = O <log (Z/“)'(F(VZO)_F(W*)) ) .
Finally, the total iteration complexity to reach e-suboptimality is

O ((n+m)M) = O <<n+ ﬁj) log LE(¥0) — F(W*))> .

e
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