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Abstract.

This paper is concerned with consistency properties of the dimensionality es-
timation criteria AIC, BIC and C, in CCA (Canonical Correlation Analy-
sis) between p variables and ¢ (< p) variables, based on a sample of size
N = n+ 1. The consistency properties of the criteria are studied under a
high-dimensional asymptotic framework such that p and n tend to infinity sat-
isfying p/n — ¢ € [0,1), and under two types of assumptions on the order of
the population canonical correlations, where ¢ is fixed. We note that there are
cases that the criteria based on AIC and C, are consistent, but the criterion
based on BIC is not consistent. Through a Monte Carlo simulation experiment,
our results are checked numerically, and the estimation criteria are compared.
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81. Introduction

In this paper we are concerned with the dimensionality estimation method by
use of the model selection criteria AIC (Akaike (1973)), BIC (Schwarz (1978))
and Cp (Mallows (1973)) in CCA (canonical correlation analysis) with two
random vectors of p and ¢ (¢ < p) components, based on the sample size
N = n+1. The criteria based on AIC and C,, were proposed by Fujikoshi and
Veitch (1979), and the criterion based on BIC was studied by Gunderson and
Muirhead (1997). It is known in a large-sample asymptotic framework that
AIC and C, are not consistent, but BIC is consistent. For these results, see
Fujikoshi (1985), Gunderson and Muirhead (1997).
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However, recently it is known that there is a situation such that AIC and
Cp have a consistency property, but BIC is not consistent, when the number p
of response variables and the sample size n are large under a high-dimensional
framework such that p/n — ¢ € [0,1). These results can be found in Fujikoshi,
Sakurai and Yanagihara (2014) and Yanagihara, Wakaki and Fujikoshi (2015)
for selection of variables in multivariate regression model. Further, such prop-
erties have been shown in Fujikoshi and Sakurai (2016) for model selection
criteria of estimating the dimensionality in multivariate linear model.

In this paper we consider asymptotic properties of AIC, BIC and C, for
estimation of dimensionality in CCA under a high-dimensional asymptotic
framework such that

(1.1) q is fixed, p—o00, n—o00, p/n—cel0,1).

It is shown that the AIC and C, for estimation of dimensionality have con-
sistency properties under two types of assumptions on population canonical
correlations, but BIC is not consistent under one type of assumptions on pop-
ulation canonical correlations. It may be noted that these properties are dif-
ferent from the ones in a large-sample case, since in general AIC and C,, have
a positive probability of selecting each of the overspecified models. Our results
are checked numerically by conducting a Monte Carlo simulation experiment.
Further, we compare with the selection rates of the three criteria.

The present paper is organized as follows. In Section 2, we summarize the
criteria for estimating the dimensionality in CCA. High-dimensional properties
of the criteria are given in Section 3. In Section 4 we check our theoretical
results by conducting a Monte Carlo simulation experiment, and compare with
the selection rates of the three criteria. In Section 5, we discuss our conclusions
and future subjects. The proofs of our results are given in Appendix.

82. The criteria for estimation of dimensionality

Let

(2.1) <Zi)<§§>

be a sample of size N = n + 1 of (z/, ¢')’ from (p + ¢)-dimensional normal
distribution Ngy, (@, ), with  : p x 1 and y : ¢ x 1. Let S be the sample
covariance matrix formed from the sample. In this paper we assume that ¢ < p
without loss of generality. Corresponding to a partition (z’,y’), we partition
um, X and S as

y 31 X Si1 Si2 )
— , ®= . S= .
H < o > ( o1 a9 ) ( So1 Soo
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Let p1 > -+ > p; > 0 and 71 > --- > rqy > 0 be the population and the
sample canonical correlations between x and y. Then p? > ... > pg >0
and r¥ > ... > rg
51_1151252_21521, respectively.

We are interested in the number of nonzero population canonical corre-
lations, which is called the dimensionality in canonical correlation analysis.
Related to the estimation of the dimensionality we consider a dimensionality
model:

> 0 are the characteristic roots of 21_1121222_21221 and

M; - pj > pPit1 = =pg =0,
(2.2) < rank(X12) = J.

If Mj is true, we can explain the correlation structure between & and y by the
first j canonical correlation variables, since the remaining canonical variables
have no power of prediction.

Based on the likelihood of S, it is known (Fujikoshi and Veitch (1979)) that
AIC for M; is given by

q

AIC; = — Z nlog(l —r3)+n(p+q) + (p+q+1)log|S|+ K
i=j+1
. . 1 1
(2.3) +2{J(p+q—3)+2p(p+1)+ZQ(q+1)},

where K = 2log {T'pyq(2/(3n)1/2ne+a) 1 Instead of AIC, we may use
A; =AIC; — AIC,
q
(2.4) —— 3 nlog(1—12) —2(p— i) — ), § =0, a.
i=j+1
Here A, = 0. The BIC and C,,; corresponding to A; are given by

q
i=j+1
q )2
(26)  Cpj=n Y 5 -2p-5)a-4). i=0....q

i=j+1 K
Here B, = 0 and C,, = 0. Note that the A;, B; and Cp; based on the
likelihood of X = (z1,...,xy) and Y = (y1,...,yn)" can be expressed as the
ones in (2.4), (2.5) and (2.6) replaced n by V.
The estimation methods based on Aj, B; and Cp; are expressed as

A =argminA;, jg =argminB;, jc=argminC,;
J ngEF gy J ngEF gy J gje? P.js

respectively.
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83. High-dimensional properties

We denote the model M; in (2.2) by j simply. Then, the set of all the models
is F={0,1,...,q}. It is assumed that the true covariance matrix is

O — ( 2?1 2;2 )
21 239

with rank(37;) = js«. Then, the true dimension is j., where 0 < j, < g,
and the model M;, means the minimum dimensionality model including M,.
We separate F into two sets, one is a set of overspecified models, i.e., F; =
{jssd« +1,...,q} and the other is a set of underspecified models, i.e., F_ =
F.NF={0,1,... 4. — 1}. Further, we denote the set of models deleting the
true model from F; by Fi\{j.}, i.e., Fp\{j} ={js +1,..., ¢}

When we treat the distributions of the canonical correlations themselves or
their function such as ja, jg and jc, without loss of generality we may assume
that

(3.1) 2:(?{ i’),

R = (Rq, O), Ry =diag(pi,...,pq). The number of possible nonzero canoni-
cal correlations is ¢. We will consider the transformed population and sample
canonical correlations defined by

Ty

_ Pj _ _
J

(1= pi)H/?
Depending on our results, the following assumptions are taken up:

B1 (The true model and dimension j.): The true model is that the samples
in (2.1) are independently and identically distributrd as Ng,(p, 3) with
uw = p, and 3 = 3,. The true dimensionality is j., and the true
canonical correlations are

pL =2 p5 > P50 = =pg=0.

B2 (The asymptotic framework): ¢ is fixed,
p— 00, n — oo, p/n —cé€[0,1).

B3 (The canonical correlations-1):  Let 77 = pj/{1 — (p;)2},j =1,...,q
For any i (1 <i < j,),
pi =0(1), 77 = O(1) and Tim pi = pjp.

p/n—c

B4 (The canonical correlations-2): For any (1 < i < j),
v = /P = O(\/p) and }im 07 = 0y.
p/n—c
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In B3 and B4, it is assumed that the multiplicities of the p;’s do not depend on
p and ¢. In this paper, the true dimension j, is fixed, though our results shall
be generalized for the case lim j, = js«. In the following, we give sufficient
conditions for the three criteria to be consistent. Here, the consistency of,
e.g., ja means that the probability that ja selects the true dimension tends
asymptotically to 1, i.e.,

lim Pr(ja = js) = 1.

p/n—-c
Here, the notation lim,/, .. is used as an abbreviation for the asymptotic

framework (1.1).

Theorem 3.1. Suppose that assumptions Bl and B2 are satisfied. Further,
assume that ¢ € [0,c,), where ¢, (= 0.797) is the constant satisfying log(1 —
Ca) +2c, = 0.

1. ja is consistent if B3 and the inequality ”— log(1 — (p}k*)z) > 2c+log(1—
c)” are satisfied.

2. ja is consistent if assumption B4 is satisfied.

Theorem 3.2. Suppose that assumptions Bl and B2 are satisfied.
1. BIC is not consistent if assumptions B2 with ¢ > 0 and B3 are satisfied.

2. BIC is consistent if assumptions B2 and B4 are satisfied.

Theorem 3.3. Suppose that assumptions B1 and B2 are satisfied. Further,
assume that ¢ € [0,1/2).

R -1
1. jc is consistent if B3 and the inequality ”(p;f*o)2 {1 - (p;‘»*o)Q} > c(1—
2¢)” are satisfied.

2. jo is consistent if assumption B4 is satisfied.

From the proofs of Theorems 3.1 and 3.3 we can see that the AIC and
C,p criteria on the dimensionality in canonical correlation analysis satisfy the
followings:

(3.3) (i) if c €0, ca), p}%n_l}cPr(}A € F\{j.}) =0,
(3.4) (i) if ¢ € [0,0.5), Jlim Pr(jc € F4\{j.}) = 0.
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These results hold without the assumptions on the order of population canon-
ical correlations.
Under a large-sample framework; n — oo and B3 it is known that
(3.5) lim Pr(ja = j) = lim Pr(jc = j) = h(jlj),
n—oo n—oo

where for j = 0,1,...,j« — 1, h(j|j«) = 0, and for j = j.,...,q, h(j|j«)’s are
positive and for their explicit expressions, see Fujikoshi (1985). Gunderson and
Muirhead (1997) extended the result to the case of an elliptical distribution.

84. Numerical study

In this section, we numerically examine the validity of some of our claims, and
point some tendencies for the dimensionalities estimated by AIC, BIC and Cj,.
In our simulation setting, ¢ = 5 and the true dimensionality is j. = 3. We
consider two types of population canonical correlations. The first type is:

>k * 3 > > >k
(@) p1=2p, pa=35p, ps=p, Pi=p5=0,

. \/ (4p)/(21)

where

p+14(4p)/(21)

Then
p] — 0.8, p5 — 0.6, p5 — 0.4.

The second type is defined in terms of v/ = p¥/\/1 — (p})? as follows:

p 3
b; = ) *:7*7 3 = *7 1= *207
(b) M = ——ms GE BT wegh 2=

- p (4p)/(21)
=1\ T+ (p)/ny

Y/vp — 0.8, v3/\/p — 0.6, 73/\/p — 0.4,

where

In this case

and .
(b); pf = e, i=1,23, pj=p}=0.

VI+0)?
The cases (a) and (b) correspond to the canonical correlations under as-
sumptions B3 and B4. Our experiments were done for n = 6p and p =
5,10, 20, 35,50,80,100. In this case, p/n = 1/6 — ¢ = 1/6. € [0,¢,) and
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c € 10,1/2). Further, the inequalities in Theorem 3.1(1) and Theorem 3.3.(1)
have been satisfied for case (a). Our simulation results are given in Tables 1-6.
We use the selection probabilities as the relative frequencies.

Table 1. Selection rates under AIC for case (a)

n P M(] M1 M2 M3 M4 M5
30 51000 014 048 0.31 0.05 0.01
60 10| 0.00 0.03 0.47 0.45 0.05 0.00

120 20| 0.00 0.00 0.43 0.55 0.02 0.00
210 35| 0.00 0.00 0.39 0.61 0.00 0.00
300 50| 0.00 0.00 0.36 0.64 0.00 0.00
480 80 | 0.00 0.00 0.31 0.69 0.00 0.00
600 100 | 0.00 0.00 0.30 0.70 0.00 0.00

Table 2. Selection rates under BIC for case (a)

n P MO M1 M2 M3 M4 M5
30 51018 055 0.24 0.03 0.00 0.00
60 10| 0.11 0.74 0.15 0.00 0.00 0.00

120 20| 0.06 0.91 0.03 0.00 0.00 0.00
210 35| 0.04 0.96 0.00 0.00 0.00 0.00
300 50| 0.04 096 0.00 0.00 0.00 0.00
480 &0 | 0.06 0.94 0.00 0.00 0.00 0.00
600 100 | 0.09 0.91 0.00 0.00 0.00 0.00

Table 3. Selection rates under C,, for case (a)

n P MO M1 M2 M3 M4 M5
30 510.00 0.06 0.43 041 0.08 0.01
60 10| 0.00 0.01 0.31 0.58 0.11 0.00

120 20| 0.00 0.00 0.21 0.73 0.07 0.00
210 35| 0.00 0.00 0.14 0.83 0.03 0.00
300 50| 0.00 0.00 0.11 0.88 0.01 0.00
480 80 | 0.00 0.00 0.05 0.94 0.00 0.00
600 100 | 0.00 0.00 0.04 0.96 0.00 0.00
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Table 4. Selection rates under AIC for case (b)

n p| My My My Mz My M;s
30 51002 021 046 0.26 0.04 0.01

60 10 | 0.00 0.00 0.15 0.75 0.10 0.00
120 20 | 0.00 0.00 0.00 0.95 0.05 0.00
210 35 0.00 0.00 0.00 0.99 0.01 0.00
300 50 | 0.00 0.00 0.00 1.00 0.00 0.00
480 80 | 0.00 0.00 0.00 1.00 0.00 0.00
600 100 | 0.00 0.00 0.00 1.00 0.00 0.00

Table 5. Selection rates under BIC for case (b)

n  p| My M M, M; M, M;
30 5043 042 0.13 0.01 0.00 0.00
60 10 |0.05 045 045 0.05 0.00 0.00
120 20|0.00 0.01 069 031 0.00 0.00
210 35|0.00 0.00 0.10 0.90 0.00 0.00
300 50 | 0.00 0.00 0.00 1.00 0.00 0.00
480 80 | 0.00 0.00 0.00 1.00 0.00 0.00
600 100 | 0.00 0.00 0.00 1.00 0.00 0.00

Table 6. Selection rates under C,, for case (b)

n P MO M1 M2 M3 M4 M5
30 51| 0.00 010 0.45 037 0.07 0.01

60 10| 0.00 0.00 0.07 0.74 0.18 0.01
120 20 | 0.00 0.00 0.00 0.86 0.14 0.00
210 35| 0.00 0.00 0.00 094 0.06 0.00
300 50| 0.00 0.00 0.00 098 0.02 0.00
480 80 | 0.00 0.00 0.00 1.00 0.00 0.00
600 100 | 0.00 0.00 0.00 1.00 0.00 0.00

From Tables 1, 3, 4 and 6 we can see that AIC and C, are consistent for
the estimation of dimensionality in the high-dimensional settings considered.
On the speed of convergence to the true dimension, the case of canonical
correlations-2 is faster than the one of canonical correlations-1. Further, in
the case of canonical correlations-1 Cp, is faster than AIC. These criteria have
a tendency of underestimating the dimensionality when (n,p) is not so large.
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From Tables 2 and 5 we can see that BIC is not consistent in the case of
canonical correlations-1, but is consistent in the case of canonical correlations-

2.

85. Concluding remarks

In general, it is known that under a large sample asymptotic framework; n —
oo and p and ¢ are fixed, AIC and C, have no consistency property, in the
sense that the probabilities of selecting the true model do not approach to
one, but BIC is consistent. However, in this paper, we demonstrated that the
AIC and C), for estimating the dimensionality in canonical correlation analysis
have a consistency property, under a high-dimensional framework (1.1). For
the consistency, it is required to satisfy some additional assumptions. For AIC,
it needs that ¢ € [0,¢,), where ¢, = 0.797. For Cp, it needs that ¢ € [0,1/2).
Further, the consistency was considered under two types of assumptions on the
population canonical correlations. On the other hand, in a high-dimensional
case, we note that BIC is not always consistent.

In this paper we assume that our sample of size N = n + 1 comes from
(p + ¢)-dimensional normal distribution Ny, (p, 2). Further, we assume that
for the random vectors of p and ¢ (< p), ¢ is finite, and p tends to infinity,
satisfying p/n — ¢ € [0,1). It is expected to remove the normality assumption,
and to consider consistency properties of AIC, BIC and C, under a general
high-dimensional asymptotic framework such that p/n — ¢ € [0,1) and ¢/n —
de[0,1).

86. Appendix: The proofs of Theorems 3.1, 3.2 and 3.3

For the proofs of Theorems 3.1, 3.2 and 3.3, it is basic to establish the limiting
behavior of the squares r¥ > --- > rg of the canonical correlations under a
high-dimensional framework. The following results follows from the limiting
distributions of r§ > ... > rg given by Fujikoshi (2017) (For some special

cases, see Fujikoshi and Sakurai (2008)).

Lemma 6.1. Let r? > --- > rg and p3 > - > pg be the squares of the
sample and the population canonical correlations between x;p x 1 and y;q x 1
with p > q, based on a sample of size N = n + 1 from Np,(p,X). Let
djz = r?/(l —7"]2.), 7]2 = p?/(l—,o]z), j=1,...,q. We assume that the number
of mnonzero population canonical correlations is a, and hence p1 > --- > pg >

Pat1 = -+ = pg = 0, and the multiplicities of p;’s do not depend on p and
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q. Suppose that for the limiting behaviors of 73 > -+ > rg and d? > -+ > dg
under a high-dimensional asymptotic framework

p—o00, n—oo, p/n—céel01),
we have the following results:

1. Suppose that for any i (1 <i < a), p? = O(1) and
lim p? = p% > 0. Let yio = pio/{1 — (pio)?}'/2,i=1,...,a. Then

p/n—c
r2£’P20+C(1_P20)a & 5 ‘ +L’Y205 i=1,...,q
i i i i 1l—¢c 1-=¢"
122 d?ilc L i=a+1,...,q.
—c

2. Suppose that for any i (1 <i <a), v} = pd? = O(p) and
lim 0; = 6,5 > 0. Then

p/n—c

t=a+1,...,q.

The proofs of Theorems 3.1 and 3.2
We consider a general criterion including A; and B; defined by

q
(6.1) Gy, j=— Z nlog(1—7r2) —vu(p—j)(q—13), 5=0,...,q,
i=j+1
with v, > 0. Note that G2 ; = A; and Giegn,; = B;j. Let djz = 7“?/(1 — 7"]2)
Using 1 — TJQ. =(1+ d?)_l, the difference between G; and Gj, is expressed in
terms of d?, . .. ,dg as follows. For j > j,,

GVnyj_GVnaj*_(j_j*)yn =N 10g{<1+d?*+1) o (1+d§)}+y’ﬂ(.}_.7*)<p+q_.7_.]*)7
and for j < j,,
Gupj = G g = nlog{(L+d5 ) - (L+d3)} +vn(j =3P +a = — js).

From Lemma 6.1 we have that for j. < i < ¢, d> — ¢/(1 —c) in both cases B3
and B4. Therefore we have that for j > j,,
1

}; (Glfn,j - GVn;j*) —(J = Jx)n L (4 — j*)c_l log(1 —c).
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Noting that lim._o4+ ¢ !log(1 — ¢) = —1, we have that in both cases B3 and
B4, for any j > j.,

1

(6.2) p(A —A) D (]—j*){clog(l—c)+2}>0,

if ¢ € [0,ca), and for any j > j.,

(6.3) (B —B,.) % (j—ju) >0

. _ - — B ) = — 4 .
plogn J I 7=

Next consider the case j < j.. Noting that under B3

1 * -1 . .
(6.4) 1+d7 5 17_6{1_(%0)2} , for i <,
we have
1 . . P
E (GV7L7j - GVnyj*) + (]* - j)l/n -
— (ju — j)e Mog(L —¢) — ¢! Z log {1 — (p})?}”
i=7+1

> (js — 7) {—ilog(l —c) — %log{l _ (p]*)Q}}

Combining (6.2), (6.3) and the above results, we can get Therem 3.1 (1) and
Therem 3.2 (1). Next we assume B4 and j < j.. For j < j,, we have

(Gl/n,j - Gun,j*)
> (Jx —J) {log(l + dgz*) ~vn(p+q—3j _]*)/n} =Dy,

SRS

Further, for i < ja, (1/p)d? % (1 — ¢)~1(8)?, and hence

log(1 + d?) —logp 5 log(1 — ¢)~1(67)2.

7
Therefor, we have

1
log p

1
D2,j P ] J*: and nglogn,j (] _]*)(1 — C),

which implies Theorems 3.1 and 3.2. Here, for the last result, we use

P logn P logn .
n \logp/) n \logn + log(p/n) '




70 Y. FUJIKOSHI

The proof of Theorem 3.3
Theorem 3.3 is proved by a similar line as in the proof of Theorem 3.1 as
follows. Note that

J
Cpj—Cpio=-—n Y d2+2(—j)p+q—3j—j), forj>j,
i=jx+1

VES
Cp:j 7CPJ* =n Z d7,2 72(]* *])(p+q7] 7]*)3 fOI‘j <j*,

i=j+1

where d? = r?/(1—r?). Under both cases B3 and B4, we can see that by using
d? L oc(1 —¢)~t for i > g,

1 . 1 C
(6.5) 5 (Cpj — Cpiji) = (J — Js) <_1—c + 2) , for j > ji.

Next consider the case j < ji. Using (6.4), under B3 we have

1 J . . o
(G = Cpa) B Y0 (1= e ()} - 200 — )
i=j+1

> (j =) [A =) {e+ (.0)%} — 2¢].

Combining this result with (6.5), we get Theorem 3.3(1). Under B4, (1/p)d? %
(1 —¢)75(0F)? for i < j, and it is easy to see

1 1 &,

Combining this result with (6.5), we get Theorem 3.3(2).
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