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Abstract: Binary data with high-dimensional covariates have become more
and more common in many disciplines. In this paper we consider the max-
imum likelihood estimation for logistic regression models with a diverging
number of covariates. Under mild conditions we establish the asymptotic
normality of the maximum likelihood estimate when the number of covari-
ates p goes to infinity with the sample size n in the order of p = o(n). This
remarkably improves the existing results that can only allow p growing in
an order of o(n®) with o € [1/5,1/2] [12, 14]. A major innovation in our
proof is the use of the injective function.
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1. Introduction

High dimensional logistic regression models have attracted much attention re-
cently as binary data with a diverging number of covariates are becoming more
and more common in many disciplines. Let y be a binary response variable and
x = (21,...,7,) " be the vector of covariate whose relationship with y can be
described as

logit{P(y = 1|x)} = x' B3, (1.1)
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where B = (B1,...,8,)" is a vector of unknown parameters. We are interested
in the high-dimensional case when p diverges with the sample size n. Hence we
may use p, when needed to emphasize the dependence of p on n.

Logistic models are standard and powerful tools to describe the relationship
between a binary response variable and a set of covariates. Estimation and in-
ference based on the maximum likelihood estimation in logistic regression have
been well studied in theory and widely used in practice [6, 9-11]. Recently, logis-
tic regression models have been applied to analyze high-dimensional data where
p may diverge with n [3, 4, 7, 13]. These papers primarily focus on developing
various variable selection procedures. The success of these procedures relies on
certain sparsity assumption that allows only a small number of covariates to
have nonzero effects. Correspondingly, the asymptotic theories in these papers
are devoted to the investigation of selection property like the well-known oracle
property. In summary, the contribution of these work is the successful reduction
of the possibly ultra-high dimension (p >> n) estimation problem to a problem
with much lower dimensions (p = o(n)).

Despite these developments, theoretical properties of the maximum likelihood
estimator (MLE) in a general setting of high dimensional 8 with p = o(n) are
not established yet. [3] offered some insights for a special case when all the
components of the true B are nonzero and all the components of its MLE are
not too close to zero. [14] considered generalized estimating equation analysis of
clustered binary data with a diverging number of covariates. Particularly, she
showed that the GEE estimator is consistent when the dimension diverges in the
order of o(nl/ 2) and its arbitrary linear combination is asymptotically normal
when the dimension diverges in the order of o(n'/?).

Our paper aims to fill in this important gap by showing the asymptotic
normality of the MLE of high-dimensional 3 under mild conditions that only
require p/n — 0. A critical step in our theoretical derivation is an innovative
use of the injective function.

The rest of the paper is organized as follows. We present the asymptotic
normality result for high-dimensional logistic regression models in Section 2,
and give the proof in Section 3. We conclude the paper with some discussions
in Section 4.

2. MLE with diverging dimension

Let F(v) = {1 + exp(—v)}~! be the logistic distribution function. Then the
log-likelihood function is

L£(8) = D_ lyilog{ F(x[B)} + (1 = yi) log{1 — F(x/ B)}] (2.1)

i=1

The maximum likelihood estimator Bn of B3 is the solution to

L(B) = 55(8) = Yl — Fx )} = 0. (2.2
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Let H(v) be the derivative of F(v). For any function 7, denote 1;(83) = n(x,' 3)
and n; = n(x; By), for instance, H;(B) = H(x, B), F; = Fi(By). Let G,.(B) =
i xiHi(B)x, and S, = 371 xix, .

When p is fixed, [2] studied asymptotic normality of the maximum likeli-
hood estimator ,@n under mild assumptions. [15] considered the same problem
under weaker assumptions. With a diverging p,,, the problem becomes much
more complicated and has not been investigated yet. Two questions need to be
answered. First, are there any random variables such that (2.2) holds in proba-
bility? Second, if so, are these random variables still asymptotically normal and
under what conditions? Our theorem below addresses these two questions. The
tool we use to prove the existence is a local inverse function theorem developed
by [1], who studied strong consistency of maximum quasi-likelihood estimators
in generalized linear models, and the idea once used in [15].

In what follows, Apax(A) and Apmin(A) denote the maximum and minimum
eigenvalues for a matrix A respectively, and A ; and A; the jth column and row
of matrix A. A; > A means A; — A, is semi-positive definite for two matrices
A; and As. C will be a generic constant with different values in different places.
Let || - ||2 be the standard Euclidean norm on R™.

The following conditions are imposed to obtain Theorem 1.

Assumption.

(Al) pp/mn—0
(A2) max; j |z;;| < oo and there exist two positive constants ¢min and Cmax
such that cmin? < Amin(Sn) < Amax(Sn) < Cmaxn.

To the best of our knowledge, condition (A1) is the weakest assumption on
the order of p,, comparing to the assumptions of p,, = o(n'/?) or o(n'/?) in the
existing literature; see, e.g., [14] and the references therein. It might be very
difficult to improve the order without any further assumptions such as sparsity.
To bound the covariates, [14] requires sup; ; |zi;| = O(\/pn). When p, is a
constant, this bound coincides with ours in condition (A2). When p,, diverges
with n, our bound is a bit more restrictive. With our bound, one can always
find a positive constant cop < 1/2 such that

Cop < miax F(x{ Bo){1 — F(x{ By)} <1 - coo- (2.3)

For example, the right-hand side 1 — ¢gg of (2.3) can always be replaced by 3/4.
Equation (2.3) indicates that, for any p,-vector v,

coov ! Spv < v szHl(ﬁ)xjv <(1- Coo)VTSnV.
i=1

The rest of condition (A2) bounds the eigenvalues of S,,. This is a stability
assumption to ensure S, /n is not ill-conditioned. This assumption is needed for
asymptotic investigation of ﬁ even in the designs with fixed number of covariates
[1, 8]. Similar conditions are required in establishing asymptotic normality of
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the maximum likelihood estimation for GLM with fixed number of covariates
[see, for example, 1].

Theorem 1. Suppose Assumptions (A1)-(A2) hold. Then there exist a sequence
of random variables 3,, such that

P{L.(B,) =0} -1 (2.4)
and
u'GY2(B, — By) 2 N(0,1), (2.5)

where u is an unit py-vector, and G, = Gn(By)-

The first part indicates that with probability tending to 1, there exists a
solution of the equation L, (8) = 0, while the second part ensures that this
solution is asymptotically normal.

3. Proof of the main result
3.1. Technical Lemmas
We state or prove several preliminary lemmas first. In the following, || - || always

refers to the l3-norm || - ||2.

Lemma 1. [5] If F is continuously differentiable in a convex interval of IR,

then )

dF
F(t2) — F(t1) = (t2 — tl)/ %'s:tﬁru(bftl)dua
0

where t1,ty € IR. O

Lemma 2. [1] Let T be a smooth injection from IRP™ to IR" with T (X¢) = yo
and inf|x_y =5 1T (x) — yol| = R. Then for any y with ||y — yol| < R, there is
an x with ||x — xg|| < § such that T(x) =y. O

Lemma 3. Under the conditions of Theorem 1, we have

sup  [u' G,2Qu(B)G, Pu— 1] =0, (3.6)
BeN..(5)
where Qu(B) = 0L, (8)/0B" and N (3) = {B: |Gi/*(B - By)| < 5}
Proof. Let ; = y; — F(x/ By) and 02 = var(g;). A direct calculation yields

u' G, V2Q,(B)G Pu— 1 = A, (B) — B, — Ci(B), (3.7)

where A4,,(8) = u' Gn/?G(8)Gn*u—1,B, = " u' Gn P xix] Gn e,
Co(B) =1 u’ Gn ' xx] G *u{F; — Fi(B)}. We will show that each of
these three terms approaches to zero on N, (9).
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Let H = diag(Hy, . ..

—1/2 12 _
max G252 =

and

max [x;" (8 — B)ll

1<i<n

In addition,

an [u" G,

=1

Note that
|A,.(B)]
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, H,) and recall X = (x1,...,%,)". Then

T -1
max x; G, "X

1<i<n
= max XZ-T(XTHXT)*lxi
1<i<n
< max x[ AL (H)(XTX) 7
1<i<n
< caolcr;ilnn_l 121%)(”)(;'—}(1»
= O(n"'py), (3.8)
< —1/24. 1/2(g _
— llfélzaanHGn Xl””Gn (ﬁ ﬁo)”
= O(n~'?p}/?s). (3.9)
1/2Xi||2 _ ZuTG,jl/QxixiTGgl/Qu
i=1
= u'G,'?5,G,"*u
= u' (XHX")"V/25, (XHXT)"/2u
< goou (XXT) V28, (XXT) "2 u = ¢ (3.10)

= u'GVHGu(B) — Gu(By)}G,?u

= Wl Y Y (BY)x] (B - By)x] G, *u
i=1

u' G2y i Callx] (B - By)lx] G u

i=1

< T3 _ TG—1/2x. 2.
< G max (%[ (8= Bo)l Y "G il

=1

IN

Then (3.9) and (3.10) indicate that SUPGe v, (5) [|A.(B)] — 0.
To show |B,| — 0, it suffices to show var(B,) — 0 as n — oo because
E(By,) = 0. The latter is true since

var(B,)

n
_ T—1/2¢ T —1/2.42 2
= E(u GV %xx] GV )00
i=1

n
Do IuT G P x) G PP

=1

IN

n

T—1/24 2 T—1/2..2,2
11;1%Xn||u G2 ;sz G YV%u?02 0. (3.11)

IN
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Similar to the arguments for A, (3), we may prove

sup [|Co(B)]| < max I (8= Byl > Ila" G /2x]|* = .
BEN..(5) 1sizn i=1

3.2. Proof of Theorem 1

The proof consists of three steps. We establish the asymptotic normality of
L, (By) in the first step, and prove (2.4) in the second step. In the third step, we

justify that u'GY? (,@n — By) can be approximated as a combination of L, (8),
and thus complete the proof of the theorem.
Step 1. We will show

u G V2L, (B,) = N(0,1). (3.12)

Let & = u'Gn Y xes Tt s easy to verify that E(§;) = 0. It now suffices to
prove that (Lindeberg’s condition), for any ¢ > 0, as n — oo,

gn(Q) =Y E{& Lje, 50} — 0. (3.13)

=1

Let ap; = uTG,Zl/Qxi. Similar to (3.10), we can show that max;<;<y, [|an||* — 0.
Also (3.10) showed that Y"1, ||a,;||* is bounded. Combining these with the
Cauchy-Schwartz inequality and (2.3) ensures (3.13). The central limiting the-
orem then yields (3.12).

Step 2. By Lemma 1, we have

Ln(B) = Ln(Bo) = —Qn(B)(B — By); (3.14)

where Q7 (8) = fol Qn(By + s(B — By))ds. Furthermore, it follows from Lemma
3 that

sup  |Ju! G;Y2QE(B)G Y Pu—1] =0 (3.15)
BeN,L(5)
and
sup  [u'G,2Q5(B,,8,)G, Pu—1] — 0, (3.16)
B,.B,EN(6)

where Q7 (81, 85) = [y Qn(B1 + 5(B, — B1))ds.

Next, we prove that for any ¢ > 0 there is a ¢ > 0 such that when n is large
enough

P{there is B, € N, (8) such that L, (3,) =0} >1—¢ (3.17)
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Write ON,(6) = {8 : |GL/*(B—B,)|| = 6}. Note that |G/ *(8 = By)||/5 = 1 for
B € ON,,(6). By the Cauchy-Schwartz inequality, we have that for any § > 0,

inf  (B8-8,)'Q5(8)" G, Q(B)(B — Bo)
BEedN,.(8)
> inf  §{(B-B8) Qn(B)(B—B)/6}. (3.18)

Beon,, (5)

It follows from (3.15) that, for any ¢ > 0 and 6 > 0, there is a ¢g € (0,1)
independent of ¢, such that

P inf e GIV2QN(B) TG e > e b > 1 - . (3.19)
llell=1,B€dNn(5) 4

(3.14), (3.18), and (3.19) indicate that, for any ¢ > 0 such that

P{ inf  |Ju' G, Y {L,(B) — Ln(By)}| > 605} >1- <. (3.20)
BEeoN, (5) 4

Taking 6 = (4/€)'/? /¢y and using the Markov inequality and (3.12) yield

P{a" G2 La(By)ll < cod} > 1= El[u" G, 2L (8y)]1/ (co6)?
>1—1/(cod)2=1— i. (3.21)
Write B, = {|[u" G La(By)l| < infg o, (5 [0 Gu*{La(8) = Lu(Bo)} I}
(3.20) and (3.21) imply that
€

P(E,)>1- 3. (3.22)

Write E = {det{Q}(B,8,)} # 0 for all 3;,8, € N,(0)}. Then (3.16) indi-
cates that

P(E) >1-— % (3.23)
Lemma 1 indicates that the map: 8 — u' G %L, (B) is an injection for B €
N, (0) on the set E;. Using Lemma 2 we know that, on E, N E} there is a 3,
such that

~ o~

B, € No(6) and L,(B,) =0 (3.24)

(3.17) follows from (3.22)-(3.24). Then (2.4) holds.

Step 3. (2.4) means that L,(8,) = Q5(8,)(8,, — By)- As a result, we know
that

GY2(B, — Bo) = {G QL (B,)G7*} 7 1G 2 Lu(By).
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Furthermore, we can show by using (3.15) that
T —1/2 7 —1/27—-1 T

Thus, we have

' G2 (B, = Bo) = u' G2 Lu(Bo) + 0 (1), (3.25)
(2.5) therefore follows from (3.25), (3.17), and (3.12). We complete the proof of
Theorem 1. O

4. Discussion

In a rather general setting, we have established the asymptotic normality for
maximum likelihood estimators in logistic regression models with high-dimensional
covariates. We believe that the procedure can be extended to other generalized
linear models and similar theoretical results may be established with straightfor-
ward derivations. One potential complication for other generalized linear mod-
els is that the response y may not be bounded as in logistic regression models.
Other possible extensions are to the Cox model, robust regression, and proce-
dures based on quasi-likelihood functions. Further effort is needed to build up
similar procedure and theoretical results under these settings.
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