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Abstract Unlike the estimation for the parameters in a linear longitudinal mixed
model with independent ¢ errors, the estimation of parameters of a generalized linear
longitudinal mixed model (GLLMM) for discrete such as count and binary data with
independent ¢ random effects involved in the linear predictor of the model, may be
challenging. The main difficulty arises in the estimation of the degrees of freedom
parameter of the ¢ distribution of the random effects involved in such models for
discrete data. This is because, when the random effects follow a heavy tailed t-
distribution, one can no longer compute the basic properties analytically, because of
the fact that moment generating function of the # random variable is unknown or can
not be computed, even though characteristic function exists and can be computed. In
this paper, we develop a simulations based numerical approach to resolve this issue.
The parameters involved in the numerically computed unconditional mean, variance
and correlations are estimated by using the well known generalized quasi-likelihood
(GQL) and method of moments approach. It is demonstrated that the marginal
GQL estimator for the regression effects asymptotically follow a multivariate
Gaussian distribution. The asymptotic properties of the estimators for the rest of
the parameters are also indicated.

Keywords Asymptotic normal distribution * Consistent estimation ¢ Count and
binary panel data  Generalized quasi-likelihood * Regression effects * # random
effects » Simulating t observations ¢ Stationary and non-stationary covariates
* Unconditional mean ¢ Variance and correlations

R. Prabhakar Rao (P<) * V.N. Pandit

Department of Economics, Sri Sathya Sai Institute of Higher Learning,
Prasanthi Nilayam, Andhra Pradesh, India

e-mail: rprabhakarrao @ gmail.com; vnpandit@ gmail.com

B.C. Sutradhar

Department of Mathematics and Statistics, Memorial University,
St. John’s, NL, Canada A1C5S7

e-mail: bsutradh@mun.ca

© Springer International Publishing Switzerland 2016 41
B.C. Sutradhar (ed.), Advances and Challenges in Parametric and Semi-parametric

Analysis for Correlated Data, Lecture Notes in Statistics 218,

DOI 10.1007/978-3-319-31260-6_2


mailto:rprabhakarrao@gmail.com
mailto:vnpandit@gmail.com
mailto:bsutradh@mun.ca

42 R. Prabhakar Rao et al.

1 Introduction

Let (yi1,---,Yi--.,yir) denote the T repeated count or binary responses for the ith
subject,i = 1,..., K. Also, let x;, be the p x 1 vector of covariates corresponding to
vir, and B is the p x 1 regression effects of x;; on y;,. Next suppose that in addition
to x;;, the repeated responses of the ith individual are also influenced by one random
effect y;*. Conditional on this random effect y;*, some authors have modeled the
longitudinal correlations of the repeated counts and binary data by using lag 1
dynamic relationships. More specifically, Sutradhar and Bari (2007) have used an
AR(1) (auto-regressive order 1) type dynamic relationship to model the longitudinal
correlations for repeated count data. Similarly, Sutradhar et al. (2008) [see also
Amemiya (1985, p. 353), Manski (1987), and Honore and Kyriazidou (2000, p. 84)]
have used a lag 1 dynamic binary mixed logit (BDML) model to accommodate the
correlations of the repeated binary data. The unconditional correlation structures
in both of these papers have been computed under the normality assumption for
the random effects, specifically correlations are obtained by assuming that y* X
N(O, 0)%). For convenience, we provide these correlation structures in brief for count
and binary data as follows.

1.1 Conditional and Unconditional (Normality Based)
Correlation Structures for Repeated Count Data

Suppose that

yily ~ Poi(ujy) with ufy = exp(xj;B + ;")
yaly = po i1y + [duly]. fort=2,....T, (1)

where Poi(u) refers to the Poisson distribution with mean parameter 1%, and p o
Vi1 = Yo' bs(p) with Prlby(p) = 1] = p. Prlbs(p) = 0] = 1 — p, and
[dily] ~ Poi(u), — ppf,_;), with p} = exp(x,8 + o,y). This model in (1) is
referred to as the Poisson AR(1) model which produces the correlation between y;,
and y;; as

Ak
cort(Yiu, YilyF) = pl ™ [M—] : )

it

which is free from y;*, but depends on the time dependent covariates and on p, a
correlation index parameter.

Note that the likelihood inference for the AR(1) model (1) is extremely compli-
cated. This is because under this model, one writes

F(Gits - Yies - yiT)|V,'*) =flu |Vi*)HtT=2 it|t—l(yit|yi,t—ls Vi*)] (3)
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where the conditional distribution, namely fj,—1 (Vielyi—1. yi*) has a complicated
form given by

ﬁt\t—l(yil|yi,t71’ 7/,'*) = exp[—(u; - pl'l“:tfl)]

min(yi,yi—1) it Vit —Sit it—Sit
i ' Yir—11p% (1 — p)¥u—* (/1«?; - pp‘l’.‘;il)y 5

Sil Vig—1 — Si) ' ir — 8ir)!

X

“)

S“=0

(Freeland and McCabe 2004). Furthermore, the integration of the conditional
likelihood function (3) over the Gaussian distribution of the random effects, i.e.,
2 YN (0, 0}%), is an additional complex problem. As opposed to the generalized
linear longitudinal mixed model (GLLMM) setup, Over the last two decades many
researchers, for example, Breslow and Clayton (1993), Lee and Nelder (1996),
Jiang (1998), Sutradhar (2004), among others have used the normality assumption
for the random effects in a generalized linear mixed model (GLMM) setup, and
discussed the estimation of § and Uf. In the present GLLMM setup (1)—(2), there is
an additional correlation index parameter p to estimate.

When the normality assumption for the random effect y;* is used in the count
panel data setup, the mean, variance and correlations of the repeated counts contain

three unknown parameters, namely S, of, and p. To be specific, by using the

moment generating function (mgf) of y* Y (0, O'}%), that is, E,» (exp(ay)) =
exp[%azoyz], a being an auxiliary parameter, one obtains the three basic properties
of the count panel data as follows (see Sutradhar 2011, Sect. 8.1.1):

i = EUY) = E,EVily7) = exp(@B)E,(xp07) = explef + 507 (5)
Oin = var[Yy] = Ej»var[Yyly "] + var,«E[Y;|y[] = E,»p; + var,»(u;)

= exp(} B)E,xexp(y;") + exp(2x; B)var, s (exp(y;"))

= i + exp(2x, )[exp(20;) — exp(0;)]

= i + [exp(o;) — g (6)

and for u < t, the unconditional covariance between y;, and y;, is given by
Ot = coV[Yiu, ¥l = E,<[covi (¥iu, Yidly}] + covys [, 1]
= p""exp(x, B)E, » [exp(y;")] + exp([xu + xi) B)var,{exp(y)}

= 0"t + lexp(07) — Nptauptin, (7
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yielding the lag t — u correlation

—u

P i + [exp(07) — T ptiuptia

corr(Yy,, Yy) = T
[{1i + [exp(02) — g M + [exp(02) — 1uz}2

®)

Notice that the unconditional mean (5) and the unconditional variance (6) are func-
tions in B and 03, whereas the unconditional covariances (7) and correlations (8)
are functions in §, af, as well as the dynamic dependence or correlation index
parameter p. Remark that Sutradhar and Bari (2007), among others, have exploited
the aforementioned moments (5)—(8) to develop a four-moments based generalized
quasi-likelihood (GQL) approach for the estimation of these parameters S, Uf,
and p.

1.2 Conditional and Unconditional (Normality Based)
Correlation Structures for Repeated Binary Data

As indicated earlier, over the last three decades, many econometricians such as
Heckman (1981), Amemiya (1985, p. 353), Manski (1987), and Honore and
Kyriazidou (2000, p. 844) have made attempts to accommodate the dynamic nature
of the repeated binary responses by using a binary dynamic mixed logit (BDML)
model given by

’
exp(x“ /3+Uy Vi)
1+exp(x), B+0, vi)

exp(x], B+0vi—140y ¥i)
1+exp(x, B+0yi—1+0, yi

fort =1

Pr(yi = 1y, yi—1) = 9

)fort=2,...,T,

where f is the effect of the covariates similar to the Poisson model, 6 is referred
. jid

to as the dynamic dependence parameter, and y; = [y;*/o,] ~ (0, 1). Note that the

distribution of y; is unknown. Also note that even if it is assumed that y; follows the

Gaussian distribution, that is, y; iid N(0, 1), obtaining the likelihood estimates for
B, 0, and af is complicated. Honore and Kyriazidou (2000, p. 844) attempted to
avoid the estimation difficulty by estimating the 8 and 6 parameters based on the
transformed observations, such as the first differences of the responses y;; —yio, yin—
Yil, . . ., which are approximately independent of y;. They have used an approximate
weighted log likelihood estimation approach, which however puts some impractical
restrictions on covariates such as assuming x;3 = x;4, for the T = 4 case.
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Remark that recently Bartolucci and Nigro (2010, Eq. (5), Sect.3) have con-
structed a random effects free conditional likelihood for a binary model which is
different from (9). More specifically, they exploited the conditional approach for a
quadratic exponential type model (Cox 1972; Zhao and Prentice 1990) given by

Pr(vit . yirly oxit -« oxir) = A7 exply & + 0810 Lrar—ny2 + cii) + viv; 7]
(10)

where y; = [Yilw--»)’iT]/, &ilyi) = [)’il)’i2v~--7yiT—1yiT]/v and & = [gil»n-»giT]/,
with &, = x;ﬁ . In (10), 1,, for example, is an n-dimensional unit vector, A; is a
normalizing constant defined as

A= ZGXP[‘/;& + 080D Lrr—y2 + i) + yiv; 17,

with summation overall 27 possible values of y;. Also in (10), c;(y;) is referred to as

a shape function that can be expressed as a linear combination of products of three

or more of the elements of y;. By ignoring c;(y;), i.e., ¢i(y;) = 0, it can be shown
T

that for a given total score Y y; = vy, the conditional distribution of y;i, ..., yir
=1
may be written as

T
Pr(yits ..o yirlyid Vi Xits oo Xir) = Af_l exp |:y:~§i +0 Zyi,t—lyitj| (11)
=2

T T—1

where AY = A; evaluated at ) y; = yi4, i.e., yir = yi+ — »_ Yir. Because the
=1 =

conditional distribution in (11; is free from y;, Bartolucci and Nigro (2010) used

this conditional distribution to estimate the main parameters 8 and 6.

We now turn back to the desired binary dynamic mixed model (9). It is clear
that even if one is interested to estimate 8 and 6, neither the aforementioned
weighted likelihood approach of Honore and Kyriazidou (2000), nor the conditional
likelihood approach of Bartolucci and Nigro (2010) can be used to remove the
random effects from dynamic mixed model (9) for easier estimation of 8 and 6.
Moreover, for binary panel data analysis following (9), one, in fact, is interested to
understand the mean and variance of the data, which, however, can not be computed
by removing the random effects y; from the model. In stead, the computation of the
moments require averaging over certain functions in y; over its distribution. Thus,
rather than making any attempt to remove y; from (9), many authors such as Breslow
and Clayton (1993), Lee and Nelder (1996), Jiang (1998), and Sutradhar (2004) have

& iid

studied the inferences for the model (9) under the assumption that y;* ~ N(0, Uf).
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Under this normality assumption, one may obtain the conditional and uncondi-
tional means, variance and covariances as follows (see Sutradhar 2011, Sect.9.2.1).
First, conditional on y;, the means of the repeated binary responses under model (9)
are given by

exP(/‘?[ﬂ""”yVi) . . _
THexp(, B0, 70" fori=1,....K; t=1

77;()’:’) = E[Yylyi] = (12)

pio + 71':[_1([),‘,] —p,';()), fori=1,....k;t=2,...,T
where

exp(x, B + 6 + 0y 7:) and o = exp(x;,B + 0y v:)
[1 + exp(x,B + 60 + 0,¥)] pito 1+ exp(x,B + o,y:)]

DPin =

Subsequently, one obtains the unconditional means as
i = E(Yy) = Pr(y; = 1)

M
= M_l Z ”it()/iw)

w=1

M
=M! Z[Pito + ”;.kH(Pitl _pifO)]h/i:)’iw (13)

w=1

(Jiang 1998; Sutradhar 2004) where y;,, is the wth (w = 1,..., M) realized value
of y; generated from the standard normal distribution. Here M is a sufficiently large
number, such as M = 5000. By (12), the p;; ,, involved in (13), for example, is
written as

exp(x,f + 6 + 0, Vi)
1 +exp(x;f + 0 + 0y y)]

Pittw = [

Next, conditional on y;, for u < ¢, the second-order expectation may be written as

E(YuYilyi) = AL, (vi) = cov(Yiu, Yielvi) + mimwi = 0y + 7m0y (14)

ut w’tit

where the conditional covariance between y;, and y;, conditional on y;, has the
formula

(7,'21 = cov(Yi, Yit|)’i) = ”iz(yi)(l - 77,'7;(3/1'))17;:,44-1([7:)‘1 _pijO)- (15)
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It then follows that the unconditional second-order raw moments have the formula

M
b = EYaYie) = MY [ (i) (1 = 7035 (vi))
w=1

X Ith=u+1 Pij1.w — Dijow) + 7o (Vi) T3 (Viw)] , (16)
yielding the unconditional covariance as
Ot = Piur — iulhits 17

with w;, is the unconditional mean given by (13).

1.3 Plan of the Paper Under the Proposed t Random Effects
with Unknown Degrees of Freedom v

In this paper, as opposed to the Gaussian distribution, we consider a wider class of
t distributions for the random effects {y;*}, with mean 0, a scale parameter /\f,, and

shape or degrees of freedom parameter v, i.e, y;* X t,(0, A2, v), with its probability
density given by

U%I—vv-H - )/4*2 _v-;l
foH=—20)7 [v+ ' } : (18)
ry Vv 22

This ¢ distribution exhibits heavy symmetric tails when v is small, and it reduces
to the normal distribution N (0, oyz) for v — oo. Note, however, that one can not
compute the mgf, that is, E, « (exp(ay;*)) under this ¢ distribution (18). As a remedy,
the moments of this ¢ distribution (18) are computed either from the characteristic
function (cf) (Sutradhar 1986) or by direct integrations over the distribution. For
v > 4, the first four moments, for example, are given by

* * v
E(y;) =0, var(y;") = » _2A)z/ = 03
" N 34,02 v—2
EG™) = 0. B0 = 556 = = =3 (19)

But, it follows from (5)—(8) that in the present longitudinal mixed model setup
for count data with y* X t, (O,A]%,v), one requires the result for the mgf
E, (exp(ay;*)), which however can not be computed analytically under the 1,

distribution (18). A similar but different problem arises in the longitudinal mixed
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model setup for binary data, where for (13)—(15), one needs to generate random
effect values y;,, from standard ¢ distribution #(0, 1, v) with v degrees of freedom
which is however unknown in practice.

As a remedy, in this paper, we offer a simulation-based numerical approach to
compute the mgf, and develop a GQL estimation approach for the estimation of
all parameters of the models including the degrees of freedom parameter v > 4.
More specifically, in Sects.2 and 3, we discuss the Poisson mixed model with ¢,
random effects and the desired inferences. The binary model and the inferences
with #, random effects are provided in Sects. 4 and 5. Some concluding remarks are
given in Sect. 6.

2 Poisson Mixed Model with ¢, Random Effects

2.1 Basic Properties of the Poisson Mixed Model:
Unconditional Mean and Variance

iid ..
In the present setup, y* ~ tv(O,)Li,v). Now because, similar to (5)—(6), the
unconditional mean and variance have the formulas

wir = E[Yy] = Eyi*E[YitWi*] = Eyl-*:u’?; = exp(xftﬂ)Ey,* {exp(yi*)} (20)
O = var[¥] = E, var[Yu|y;*] + Varyl.*E[YizWi*] (21

= exp(xftﬁ)Eyi* {exp(y")} + exp(ZxZ,ﬂ) |:EV,-* {exp(2y)} — [EY,-* {exp(y,-*)}]z] ,

they could be evaluated numerically by simulating y;,, w = 1,..., W, for a large
W such as W = 5000, from y;, i 1,(0,1,v), and using

=

1
Z exp(al, y,w) (22)

w=1

Eyx {exp(ayl.*)} E, {CXp(alyy,

in (20)—(21) for a = 1,2, provided v were known. Note that for known v, this
simulated approximation in (22) is quite similar to the simulation approximation
used by Sutradhar (2008, Sect.3) [see also Sutradhar et al. (2008, Eq. (2.6))] for
the binary case with random effects generated from N(0, 1) distribution. However,
because in the present case, v is unknown and requires to be estimated, we resolve
this simulation issue by generating y;,, w = 1,..., W first from a reference
t4(0, 1, 4) distribution (equivalent to standard normal reference distribution) and
using the transformation from following Lemma 2.3 so that these y;,,, w = 1,..., W
subsequently follow the ¢,(0, 1, v) distribution as desired. Lemmas 2.1 and 2.2
below are needed to write the Lemma 2.3.
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Lemma 2.1. Suppose that * ~ N, (0, )L}z,) Next, suppose that g,.*z a scalar random
variable which follows the well known y? distribution with v degrees of freedom,

N
that is, Si*z ~ x2, and ¥} and Ei*z are independent. Then, for V; = ‘i—", the ratio
14

variable y;* defined as

v =M/ VE? /0] = A,y (23)

has the t,(0, A2, v) distribution given by (18).

However, even though ; in (23) is a parameter free normal variable, an
observation y;), following the r-distribution (18) for y;* (20)—(22), can not be drawn
yet, because the distribution of Ei*z is parameter v dependent. Because v > 4 in (18),
to resolve this issue, we suggest to use a t-distribution with 4 degrees of freedom as
a reference distribution. Suppose that 512 is generated from this )(i distribution. One
may then generate a Ei*z from y2 approximately for any v > 4, by using the relation
between £2 and £** as in Lemma 2.2 below.

Lemma 2.2. [f£? is generated from the x5 distribution, one may then generate Ei*z
by using the relationship

£ = «/Z[E’i/_;] +v= %W[Sf — 4]+, @4)

which has the same first two moments as that of y>.
One may then generate an observation from a ¢, distribution as in Lemma 2.3.

Lemma2.3. Forw = 1,..., W, with W = 5000 (say), the w-th observation y},
from the t, distribution may be generated by applying Lemma 2.2 to Lemma 2.1.
That is,

1zlfiw
[Vv (&, —4) + ]

yE =, {2} = Xy Vi (25)

where Y, and £2, are observations from the standard normal N(0,1) and x3

iw

distributions, respectively.

Consequently, by applying (25) under Lemma 2.3, to (22) and (20), one computes
the unconditional mean as

/‘Lit(ﬂv )L)N V) = E[Ytt] = exp(x;zﬂ)Eyi* {eXP(V,*)}
= exp(x;tﬁ)Eyi* {eXp(/\y)’i)}



50 R. Prabhakar Rao et al.

w

= e f) o Y fexphy i)}

w=1

w
1 )' Ir,/iw
= S oxp(B) Y e :
= s @ -+
| w
= 5 SXPOGB) D exp {RWin. &1, Ay, v)} (26)
w=1
where for w = 1,..., W, ¥, are generated from standard normal N (0, 1) distri-

bution, and £, are generated from x3 distributions. Furthermore, ¥, and &2, are
independent.
In order to compute the unconditional variance, use u; = E,* [exp(x,B + v)]

from (20), and first compute ¢; , = E [let] as follows:

din(B, A}u V)

* *2
E[lel] = Ey,.* I:/j“it + Wy ]

= Z exp, B + {R(Wiw- Enyi Ay 1)}]

W=1

+ exp[2x),B + {2R(Yin. 7,3 Ay W}]] . (27)

where R(V;, . £2
the formula

; Ay, v) is defined in (26). Hence, the unconditional variance has

iw?

Oiat(Bs Ays V) = Gia(Bo Ay v) — ui (B, Ay v). (28)

Note that this variance formula can be obtained from (21) as well. We remark
that unlike for the Poisson-normal mixed model, the mean and variance under the
Poisson-#, mixed model are functions of the regression effects 8, and variance
parameter A, and shape parameter v of the random effect distribution.

2.2 Correlation Properties of the Poisson Mixed Model:
Unconditional Covariances

To compute the unconditional covariance between y;, and y; (u < t), we first
observe from (1)—(2) that their covariance conditional on the random effects y*
is not zero. Specifically, by (2), the conditional covariance is given by

cov[(Yiu, Yi) Y1 = 0" ™" 11, (29)
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implying that
E[YuYuly[1 = p" ™" ui, + . (30)
Consequently,
Si.ul(ﬂa Ay, v, P) = E[YiuYit]

= Ey,.*E[YiuYitWi*]

= Ey [0 7" 1 + e ]

= 0" (B, Ay, v) + EV,-* [MZ‘M;] , 31

where the unconditional mean (B8, A,, v) has the formula similar to that of (26).
Next, by similar computation as in (27), one obtains

Si,ur(ﬂv Ay, v, P) = pt_ulj/iu(ﬂv Ay? 1)) + Ey[* [exp{xiu + xit}/ﬂ + 2)/1*]

= p" (B, Ay, v) + exp [{xiu + xia} Bl o > exp [2R(Yiw. §2 Ay )]
(32)

Hence, for u < t, the unconditional covariance between y;, and y;, is given by

O-i.ut(ﬁv A’)/’ v, p) = Si,ut(ﬂv A’)” v, IO) - /'l/iu(ﬂv )Ly’ V)I’Lit(ﬁv )\'}/! U)’ (33)

where §;.,(B,A,,v, p) has the formula given by (32) and w;(B,4,,v) is given
by (26).

3 GQL Estimation for the Parameters of the Poisson
Mixed Model

The estimation of the parameters of the model will be done in cycle of iterations. In
Sect. 3.1, we discuss a generalized quasi-likelihood (GQL) (Sutradhar 2003, Sect. 3)
estimation approach for the estimation of the main regression parameter  under the
assumption that other parameters (p, A,, v) are known or their consistent estimates
are available. In subsequent sections, we discuss their consistent estimation.
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3.1 GQL Estimation for the Regression Effects 8

For 8 estimation, we exploit the first order responses, namely y; = [y, ..., Vi,
... yir]’. Suppose that ; = E[Y;]. This mean vector is given by u;(8,1,,v) =
(i, .- Mirs - .., pir)’s where, by (26), wi(B, A, , v) has the formula

1 w
(B2 ) = XD T D X AR Wi £ 3 )} 1 T 1.
w=1

Next by using the formulas for the variances o0;,(8,1,,v) from (28), and the
covariances 0;,,(8, Ay, v, p) from (33), we construct the 7' x T covariance matrix as

B, Ay, v, 0) = (0iw(B, Ay, v,p)) : T xT, foru=t;and u # t.

Note that under the present model o; ,(-) does not follow from o; () as a special
case. More specifically, o;,(-)’s are constructed for # < t. The GQL estimating
equation for B is then given by

K

Oi(B. Ay v)
Y T I kv p) (= (B2 ) = 0, (34)
i=1

(Sutradhar 2003, 2004) where %ﬂl”) may be computed by using the formula for

%ﬁk”) forallt = 1,...,T. This derivative follows from (26), and is given by

d i ,A ,V
% = wir(B. Ay, v)xi.
Consequently, the GQL estimating equation in (34) reduces to
K
> XIAZT (B Ay v p) (i — wi(B Ay 1)) =0, (35)
i=1
where X! = (xj1, ..., X, ..., X;7r) is the p x T covariate matrix for the ith individual,

and

A; = diagpi (B, Ay, v), .o (B Ay v), oo pir (B A, V)] 0 T T.
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3.1.1 Asymptotic Properties of the GQL Estimator of

For true 8, define

) K K 9B,
BBy = & Y58 = 30 PR mog 0 ) (o By )
i=1

= P
(36)
where yi, ...,y ..., g are independent to each other as they are collected from K
independent individuals, but they are not identically distributed because
Yi ~ (1i(B. Ay, v), Zi(B, Ay, v, p)), (37)

where the mean vectors and covariance matrices vary for the individuals
i=1,...,K By (37), it follows from (36) that

Elfx()] = 0

K
cov[fx (B)] % Z cov[fi(B)]
i=1

1 SN (B Ay, v) (B, Ay, v)
= FZTVEi l(ﬂ’ly,V,P)T/y
i=1

1 & 1,
EZVi(ﬂ?AV’V’ IO) = FVK(ﬂ’/\}/?v’p)’ (38)

i=1
Next if the multivariate version of Lindeberg’s condition holds, that is,
K
li *—1 ! ) —
Jm VDS D St =0 (39)
=L veg e
for all ¢ > 0, g(-) being the probability distribution of f;, then Lindeberg-

Feller central limit theorem (Amemiya 1985, Theorem 3.3.6; McDonald 2005,
Theorem 2.2) imply that

Zx = K[VE 3 fc(B) — N,y(0.1). (40)

Next because /§GQL is a solution of (34), one writes by (36) that

K
Y filBoor) =0, 1)

i=1
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which by first order Taylor’s series expansion produces

K K
> KB+ (Beo —B) Y _f(B) =0. (42)
i=1 i=1
That is,
X K -1 g
Boo— B = — [Zﬁ(ﬁ)} > fB)
i=1 i=1

K (B A, 0 Ay,
:_[_ZW&—](/&AYJ, )M] Zf(ﬂ)
i=1

[VEB. Ay v, p)] " KF(B)

= [VE(B. Ay v.p)] > Zg — N(O.V*(' (B. Ay v. ). 43)
by (40). It then follows that

Jim Boor — N(B.V*i' (B. 2y v.0)). (44)
Also it follows that
IIVEB, Ay v, )2 [Boor — Bl = Op(/P)- (45)

3.2 GOQL Estimation for the Scale and Shape Parameters

Notice from Sect.2.1 that all three basic moment properties, namely the mean
function (26), variances in (28), and the covariances given by (33) contain the scale
parameter A, and the shape parameter v. Thus, it is sensible to exploit all first and
second order responses to estimate these parameters. Note that the second order
responses consist of both squared (ss) and pair-wise products (pp) of all repeated
observations. Consequently, we consider a vector g; consisting of all first order and
second order responses. In notation, g; has the form

T(T + 3)

I A R

= Dl e Yl t 5 X L, (46)
where y; = [yit, ..., it ..., vir) : T x 1, as in (34), and

Viss = 4svv s ny5y) 1 Tx 1, and

(T — 1)

Yipp = iy, - oo Yiudits - - - ayi,T—lyiT]/ : T x 1.
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Let
Elgi] = [Wi(B. Ay, 1), $;(B, Ay, v), 81(B, Ay, v, )]
= 771‘(/3, Ayv v, p) (say)v (47)

where

wi(B, Ay, v) = [ (B, Ay, v), ooy (B Ay, v), oo pir (B Ay, )]
(B Ay, v) = [pi11(B. Ay, v)e oo din(B Ay V), i (B Ay V)]
8i(B, Ay, v, 0) = [8i12(B. Ay, v, 0)s oo i (B Ay, v, 0), - Bir—1. 7 (B Ay v, P)]

with ;i (B, Ay, v) and ¢; (B, Ay, v) forallt = 1,..., T, are given by (26) and (27),
respectively, and &; (B, Ay, v, p) for u < ¢, are defined as in (32). Further, let

Qi(ﬂv Ay» v, IO) = COV[g,’]

2 Qi,ss Qi.pp
= Q,/ s 21 KX} *Qi,sp s (4‘8)
Q2 QX

i.pp i,sp <LPP

where

= COV[Yi]a Z‘i ss = COV[Yiss]’ Eipp = COV[Yipp]

Qi = covl¥, Y ], Qipp = cov[V;, Y] |, Qig = cov[Vi, ¥}, ].
Further, let 7 = [A,, ] : 2 x 1, be a vector of the scale and shape parameters of
the random effects distribution. Similar to (34), for known § and p, one may then
estimate the 7 vector by solving the GQL estimation equation given by

i (B Ay v, p)

o

27 (B. Ay, v, p) (8 — ni(B. Ay, v, p)) =0, (49)

i=1

where

om 9. (B.Ay.v.p) (50)
av

d ;( Ay,
OB, Ay v.p) _ (%)

Note that the derivatives in (50) may be computed by using the following general
derivatives with respect to A,, and v:



56

8//«11
ax,

3l/«it
av

a¢i,lt
oA,

01
dv

aSi.ut
a,

351’.14[
av

where

R. Prabhakar Rao et al.

aR(wlw’ Emv A)/’ )

xp(¥,f) ; 7 exp {R(Vi. £ Ay 1)}
exp(xl,ﬁ)—z1 R B2 o (R (g1, 5200
%éaR(‘”’”ﬁ”””) [explé, + {R (Wi, £y )]
+28R(‘”"W’ai"zw;*” Y expl2x,B + (2R (i £ y,v)}l]

BR ws ’A ’
Z (1// gm )4 ) [ Xp[ tﬂ —+ {R(w”w iws y,\))}]

OR(Wiw: £33 Ay v)

+ 2 8\) exp[z'xl/‘tﬂ + {2R(1/fiw’ ly‘;?A’)/? V)}]}
—uOti(B Ay v) 1 G ORWi £2: A5, v)
—u )4 ” ; / = 2 iw )4

e TR + exp [{xiu + xi}' B] WV; 7

0 iu JAy, v 0 i JAL, Y
x exp [2R (Wi Ei Ay 1) ] — Mﬂit“‘ﬂiu wie(B. Ay, v)
oA, A,

w

e (B, Ay, v) Z 5 OR (Vi glw, Ay, v)

av

+ exp [ {xa + xir}' B]

wl

8 in ,A ,V a i 7A' ,V
< exp [2R (Y. £2,:0,.0)] - {%u + u%} ,

aR(le’ lW’ V?U) — Wiw
0y @ -9 +1

IR £ 2y ) _ 2 s €2~ )
" (m@ - +1)

(51)

The construction of the GQL estimating equation (49) still requires the com-
putational formula for the weight matrix £2;(8, A,, v, p). Now because this weight
matrix requires the computation of second, third and fourth order moments for the
repeated count data, unlike for the Gaussian data the computation of these moments
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are complicated. Some of the fourth order moments may not be computable without
further joint distributional assumption for these repeated counts. Thus, for simplicity
and because the consistent estimation of the parameters in 7 does not require the
use of exact weight matrix, in the next section, we provide an approximation for the
computation of the elements of the weight matrix £2;(8, A,, v, p) by pretending that
the correlation index is zero, that is, p = 0 in (2). This assumption is equivalent to
say that the repeated counts are assumed to conditionally (conditional on the random
effects) independent (CI).

3.2.1 Computation of £2;(CI) = 2 (B,A,,v)

Note that as outlined above, the £2;(8,1,,v, p) = cov(g;) matrix in (49) will be
replaced by

cov(gilp = 0) = 27 (B, Ay, v), (52)

which contains moments up to order four under conditionally independence (CI)
assumption. More specifically, we compute the £2;(-) matrix in (48), but, under the
assumption that p = 0, that is,

Qi*(ﬂ7k]/» v) = COV[gl|IO = 0]

* * *
Z‘i Qi,ss Qi,pp
_ */ * *
- 2 i,ss Ei.ss Qi.sp ’ (53)
*/ */ *
2 i.pp £2 i.sp Ei,pp

where

XF =cov[Yi|p=0], 2, = cov[Yislp =0], * = cov[¥;,lp = 0]

i i,ss ipp

Q*

1,58

= cov[(¥:, Yi)lp = 0], 27, = covl(¥;, ¥p,)lp = 0],

27, = cov[(Yis, Y;,,)|p = 0].

i,sp

(a) Computation of the Second Order Moments Matrix X* :

Because the variances are not affected by the correlation index parameter, their
formulas remain the same as in (28). However, the covariances under p = 0 will be
different than (33). More specifically the formulas for the variances and covariances
under the assumption p = 0 are given by

var[Y;|p] U:tt(ﬂ’ Uf, v)

= 0iu(B. Ay, V) = din(B. Ay, V) — /L?;(ﬂ7 Ay, v), by (28); (54)
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cov[(Yiu, Yir)|p = 0]

o (B.o).v) (55)

1 w
exp [ + 2} B] 1 D exp [2R Wi, £,: 4y, )]

w=1
_/'Liu(ﬂv A’V’ V)/’Lit(ﬁ’ A’J/’ U), by (32)_(33)
(b) Computation of the Third Order Moments Matrix 2% :

To compute this matrix £2% = cov[{Y;, Y} }|p = 0], it is sufficient to compute
the elements (i) cov[{Y, Y2}|p = 0], and (ii) cov[{Y,, Y2}|p = 0], for u < 1.

(i) Formula for cov[{Y;, Y2}|p = 0] :

Notice that this formula does not depend on p, and the conditioning on p = 0
is not needed. Thus

cov[{Yy. Yi}p = 0] = E[Y;] — E[Y4]E[Y}]
= E[Y3] — (B, Ay, v)in(B. Ay, 1), by (54), (56)

where

i = By [+ 30" + 13 |
1 w
= Z expl,B + {R(Wiw. 13 Ay 1)}
w=1
+ 36Xp[2—x1t/3 + {ZR(Wlwv iwe ya U)}]
+ eXp[3X,t:3 + {3R(Wl‘4/7 iws }/9 U)}]] ’ (57)

with R(;,,, €2 3 Ay, V) as defined in (26).
(ii) Formula for cov[{Yy, Y2}|p = 0], foru < ¢:
Because u and ¢ denote two different times points, the covariance between
Viu and yl% is a function of the correlation index parameter p. However, we now
simplify this covariance formula as follows under the assumption that p = 0.

cov[{Yu, Yi}lp = 0] = E[YY;|p = 0] — E[Y;]E[Y}] (58)
= E[YuY;lp = 0] — fti(B, Ay, V)i (B, Ay, 1), by (54),
where, by (30) and (26)—(27), one writes
E[YuYi|p = 0] = E,«[E{Yu|y} }E{Y |y )]

= Ec[updug + 1* )] (59)
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= S [explixi + X} B + 2 {R(Wiw €23 Ay v)}]
+ expl{xu + 2x;i}' B + 3 {R(Wiw. 2,5 Ay W] - (60)

(c) Computation of the Third Order Moments Matrix QZ‘W :

To compute this matrix £, = cov[{Y; Yl’pp}|p = 0], it is sufficient to
compute the elements (i) cov[{Yi, Y. Yiu}lp = 0] foru < tor u > t, and (ii)
cov[{Yiu, YiYim}lp = O], foru # t,u # m,t <m.

(i) Formula for cov[{Y;,, YiYi}|lp = 0] :
By similar calculations as in (59)-(60), we write

cov[{Yu, Y Yullp = 0] = Eyl-* [E{Yiylt}h/;*] — E[Yu]E[{YuYu}|p = 0]

= E, [{pf + 1 ) — (B Ay v)E e [ 7]

w
= V_IV Z [expl{xi + Xt} B + 2 {R(Wi. E7, Ay, )}]

w=1
+ exp[{zxiu + xit}/ﬂ + 3 {R(I//iwv i%v; Ay, V)}]
- /’Liu(ﬁv A)/’ \)) exp[{xiu + xil‘}/ﬁ +2 {R(v/iwa ZZW, Ay’ V)}]] . (61)

(i1) Formula for cov[{Y;,, Yy Yi}lp = 0] :
By similar calculations as in (i), we write the formula for this covariance as

COV[{Yiw YitYimH/O = 0]

1 w
= < D" explioni + xi + xin}' B + 3 {R(Vins £, 4y 0)}]

w=1

— Wiu(B, Ay, v) expl{xic + Xim} B + 2 {R(Wi, 7 2y v)}] . (62)

(d) Computation of the Fourth Order Moments Matrix X * :

iss *

To compute this fourth order matrix, one needs the formulas for two general
elements, namely (i) var[Y2], and (ii) cov[{Y?,Y:}|p = 0]. These formulas are
developed as follows:

(i) Recall from (27) that E[Y2] = ¢; (B, A,, v). Next because

2 3 4
EWly) = [ + 7 + 6" + 113
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it then follows that

var(Yiy)? = E[Y;] — [E{Y]})?

= EV,-*E[Y;HVI*] — [¢iu(B, )ty, v)]2

w
1
= 55 2 [exp [ + (R 623 1y )} ] + Texp [26,8 + (2R 825 2, 1))]

w=1

+ 6exp[3x),8 + {3R(Yiw, £2,5 Ay, v)}] + exp[dx], B + {4R(Wiw, E2,5 2y, 0)}]] (63)

with R(Y, Sizw; Ay, v) as defined in (26).
(ii) Formula for cov[{Y2,Y2}|p = 0], foru <t :

(178 it
By similar calculations, this covariance has the computing formula given by

cov[{Yy,. Yi}lp = 0] = E[{YL Y} p = O] = fiuu(B. Ays )i (B, Ay V).

(64)
where
EURYEY2Ip = O] = Eye [t + mi Mss + 1}
1 w
=W Z [exp[{xiu + Xt} B + 2 {R (Vi €1 Ay )]
w=1

+ exp [{xi + 2x}' B 4+ BR(Wi. £ Ay 1)} ]
+ exp [{2xu + xi}' B+ BR(Win. £03 Ay 1)} ]
+ exp2{xic + xicY' B + (4R, £33 Ay 0)] . (65)

(e) Computation of the Fourth Order Moments Matrix .Qi’fxp:

To compute this fourth order matrix, one needs the formulas for two
general covariance elements, namely (i) cov[{YZ,Y,Yi;}|p = 0], and (ii)
cov[{Y?, Yy Yin}|p = 0]. These formulas are developed as follows:

(i) Formula for cov[{Y2,Y;,Y;}|p = 0] :

wm’

cov[{Y?

2178

YuYi}lp = 0] = E[{Y; Y} lp = O]
w

1
~iau(B. Ay )5 D [explixi + xi} B

w=1

+2 {R(Yiw. £1i Ay, V)], by (27) and (32), (66)
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where
E[{Y;Y,-,H,O = 0] = Ey[* [E[Kf,ly,*]E[Krly,*]]

= Ey [tu + 30 + i |

=

1
= Z exp {xlu +x1t} :3 +2 {R(l/ftw’ iwe yy V)}]

w=1

+ 3exp[{2xi + xit}' B 4 3 {R(Wiw- 3,2 Ay, 0)}]
+ exp[{3xitt + xil}/ﬁ +4 {R(wiw’ iw? A}” V)}]] (67)

(i) cov[{Y2,Y;yYim}lp =0]:

COV[{Y[%” YitYim}|p = 0] = Eyi* I:{:u?; + Mm }{ﬂtt:uzm}:l

w

B2y V)55 D [expltn +xind B + 2 (R, 13y }1] . (69)

w=1

where the first term in the right hand side of (68) has the formula
2
Ey= [tuh + w3 Mt}

W
= % > [exp[{xm + Xit + Xim}' B + 3 {R(Wiw’ S by v)}]

w=1

+ expl{2%i, + it + Xin}'B + 4 {R(Viw, £ 2y 0)|1] (69)
(f) Computation of the Fourth Order Moments Matrix 2 o

The computation for this matrix requires the formulas for (i) cov[{Y;,Yi, Yi.Yi}|
p = O]v (11) COV[{YiuYita YiuYim}|p = 0]’ (111) COV[{YiuYila Yiv Ytt}|p = O]’ and (IV)
cov[{Yy Y, YiuYim}lp = 0]. The computations for all these four covariances are
similar. We, for example, give the formulas for covariances in (i) and (iv).

(i) Formula for cov[{Y;, Yy, Yi.Yi}lp = 0] :

cov[{Yu Yy, YuYitlp = 0l = E[Y; Y} p = O]

w it

w=1

w 2
- [% > (expl{xic + Xin}' B + 2 {R(Wiw- £33 Ay v)}])j| . (70)

where E[{Y? Y2}|p = 0] is computed in (65).

w=ar
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(iv) Formula for cov[{Y;,Yi, YivYin}lp = 0] :

COV[{YiuYit’ Y, Yim}lp = 0]

1 w
= W Z [CXP[{X:‘M + Xig + X + xim}/IB +4 {R(Wiw, ,'ZW; A'}N V)}]]

w=1

—iu(B, Ay, V) pir(B, Ayv V) iiv (B, Ay’ V) im(B, Ay, v). (71)

3.2.2  Asymptotic Properties of the GQL Estimator
fgor = [Ay,cor, VoLl :2x 1

Notice that when £2(8, A,, v) from Sect. 3.2.1 is used in (49) for £2,(8, A,, v, p),
one solves the approximate GQL estimating equation

K
Z an;(ﬂ’ AV? v, p)

SR (B Ay v) (8= (B Ay v, p) =0, (72)

i=1

form = (A,,v)".

A

Let 7gor = [Ay.coL, Voor]” : 2% 1 be the solution of (72). By similar calculations
as in Sect. 3.1.1 (see (44)), it can be shown that

Jim fgor — N, Q"' (B Ay.v. p)). (73)
where
or = [XK: ané(ﬁakn% V0 oemiip V)Bm(ﬂbiy/, v,p)}
i=1
.S an;(ﬂ,a);y, 0 By 1B Ay v 120 By PR 20)
i=1
y [i 73"%’;;’ V) sl (p., U)iam(ﬁéiy/, v’p)r . (74)
i=1

3.3 Moment Estimation of Correlation Index Parameter p

Recall from (33) that

E[(Yiu — piu () (Yie — pir ()] = Pt_ul‘viu B, Ayx V)

X
+exp [{xm + Xiz}/ﬂ] w Z exp [2R(1/fim §,~ZW§ Ay, V)] = Liu(B, Ay, V)i (B, Ay, v).

w=1
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Consequently, by using lag 1 based pair-wise product responses, one obtains

K T-1 K T-1

(Y — @i () Y1 — pigt10))} Hir(*)
E.2 KT —1) pZZK(T—l)

i=1 t=1 i=1 t=1

K W
+L Z Z{exp [2R(wiw’ iw? Ay, \))] {Zt 1 eXp {_x”{ + xlt} IB]}

»q

K
DRI 7

Further, one writes

EZZ 1Y — //«zt( )) } ZZ Oi tt()7 (76)

i=1 t=1 i=1 t=1

where the variance o, () has the formula given by (28).
Now by dividing (75) by (76), and using first order approximation, one obtains
the unbiased moment estimator py, for p as

P [Z, I = 1) Vi — m.t+1(->)}/{1<<r—1>}}
Z, 12; 1{(th l}«it('))z}/{KT}
. F,’;l Simi wa()/AK(T = 1)}]
ZIK=1 Z,T=1 0iu()/{KT}

|:KW Z Z{exp 2R(¢’W lw’ ’V ] {Zt 1 - {_x”I +x't} ﬂ }j|

i=1lw=1

5 w00 ] i” m®) | g7
K(T—1) ’ = K(T— 1) ‘

=1 1=

Under some regularity conditions on the covariates so that var[py,] is bounded by
a finite quantity, it follows that the moment estimator py, is consistent for p. This is
mainly because py, given by (77) is approximately unbiased for p.



64 R. Prabhakar Rao et al.

4 Binary Dynamic Mixed Logit Model with #, Random
Effects

Recall the binary dynamic mixed logit (BDML) model given in (9), that is,

7
exp(x;; B+oy i)
l+exp(x£1ﬂ+ayyi)

exp(x}, B+60yi—1+0y7:)
1+exp(x, B+0Yi—1+0y i)

fort =1
Pr(yi = 1|y, yig—1) =
fort=2,...,T,

Under the normality assumption for the random effects, i.e., when y; id N(0, 1), the
basic properties such as unconditional mean, variance and correlations under such
BDML model is given by (13)—(17). In the following subsection, we provide these
properties for the BDML model under the assumption that the random effects now
follow a z-distribution with v degrees of freedom.

4.1 Basic Properties of the Binary Mixed Model:
Unconditional Mean and Variance

By similar calculations as in the normal case (13), one obtains an approximate
unconditional mean based on ¢, random effects, as

w
EYi] = piu(B, 0. Ay, v) = WY m (Wi £2,)

w

= WY [P0 €2) + w5y Wi, £) (i Wi £2) — oW €20} ] (78)
w=1
where
exp(x; B + 1)
1+ exp(xy B+ k)

o (U g2y — —SPOLB + Ovis 7L
ityii—1 \Viws Siyy 1+ exp(x,f + 0yi—1 +vi)

ni); ('(//iws Eiv) = PilO(T//iw, z%v) =

with y* as the 1, (0, /\?,, v) random effect given by (25). Next because y;; is a binary
observation, it follows that

Var[Yil] = Oi,tt(ﬂv 97 A’)/’ U) = :u'il(:Bv 9’ A’)/’ V)[l _/’l“il‘(:B7 9’ A)/’ U)]v (79)

where the unconditional mean u; (8, 6, A,, v) has the recursive type formula as
in (78).
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4.2 Computation of Unconditional Covariances for BDML
Model with t, Random Effects

To compute the covariance between y;, and y;; (u < ), we note that under the present
dynamic model (9), conditional on the random effects y;* defined by (25), y;, and y;
are not independent. This is because conditional on y;*, y;; and y;,—, for example,
satisfy the dynamic dependence relationship (9). Next because

E[{YmthH%*] = cov[{Yiu, Yit}h’i*] + E[Yiu|yi*]E[YiT|yi*]
= 0., (Vi §)) + 7 (Wi €))7 (Vi 61,

with

0 Wi &) = 1 (Wi DI — 70 (Wi EDUT Iy [Pit (Vi §0) — Pijo (V. ED)]
(80)
(Sutradhar and Farrell 2007), one may compute the covariance between y;, and yj;,
first by computing E[Y;,Y;,] using

w
E[Ylqut] = W_l Z [O‘:m(l//iwa IZW) + ni*u(Wiwa izw)ﬂ; (Wiw, 1%4;)] = Ti,ul’ (SaY),
w=1

(81)
where ¥, and &2, are generated from N(0,1) and x2, respectively, in order to

compute Y by (25), and 7 (i, £2,) is computed by (78).

5 GQL Estimation for the Parameters of the BDML Model
with ¢, Random Effects

It is clear from Sects.4.1 and 4.2 that the basic properties of the BDML (binary
dynamic mixed logit) model (9), that is, the first and second order moments of the
repeated binary responses contain all four parameters, namely 8, 6, A,, and v,
of the model. Consequently, we exploit all first and second order observations, and
minimize their generalized distance from their corresponding means to construct a
GQL estimating equations [Sutradhar (2010, Sect.5.4); see also Sutradhar (2011,
Sect. 9.2)] for these desired parameters. Note that for the binary data, yizr = y;. One
may, thus, consider a vector of first and second order responses given by

vV = (Yil, co s Yits oo S ViTs YilYi2o o+« s YiuYits + « - ,)’i(T—l)yiT)/,

for the purpose of constructing the desired estimating equation. Now, denote the
E[Vi] by
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G=EVI] = ni(B,0, Ay, v) = [Hits e ooy Mits e ooy Ty Tid2s -+ Tiats + + s Ti(T=1)7)
= [u;. 7] (82)

where the formula for the unconditional mean u; for all t = 1,...,T, is given
by (78), and 1;,;, = E[Y;,Y;] for all u < ¢, may be computed by (81). Further let
a = (B,6,4,,v), and £2; denote the T(T + 2)/2 x T(T + 1)/2 covariance of
v;. Following Sutradhar (2010) [see also Sutradhar (2004)], one may then write the
GQL estimating equation for « as

K

ac!
> %9‘ '(vi—¢) =0, (83)

which may be solved by using the iterative equation

Geor(r+1) = agor(r) +

—1
gl 9 ad
Z ; l 35/} (rfl‘Q (v, é‘z)

le=acoL(r)

(84)
Note that to compute the £2; matrix for (83) and (84) , one needs to compute the fol-
lowing elements: (a) var[Y;]; (b) cov[Yy, Yi]; (¢) var[Y;,Yi]; (d) cov[YuYi, YieYim];
and (e) cov[Yy,Y;,Y;]. However, all these elements through (a)-(e), may be
computed by using the moments up to order four given in Sects. 4.1, 4.2, and 5.1
below. For example,

cov[YuYi, YieYin] = E[YiYirYieYim] — E[Yiu Yil E[Yie Yim)

= ¢i,ut€m — TiutTilm, (85)

where the formula for ¢~>,~_u,gm is given in (96), and the formula for t; ., for example,
is given in (81).
Computation of %; for (84):

Because {; = [, t/]’, the gradients for searching for the estimate of

= (B’,6,4y,v) can be computed by by using the formulas for 3’“‘" and %,

where Wi and t;,, are given by (78) and (81), respectively. For the purpose, we
derive these formulas by using

} {pitl (Wiwy ,zw) - pitO(WiWﬂ é:zzw)}

Wi apl,o(w,w ) 0§
oo W Z|: + oo

Ipin Wi ) _ pio (i, '2‘4)}] . (86)

ni,[—l (W;w Szw) { aa aa

2 2
afi.m _ W_l Z [ lm(sz Em) +7Tm(d/m Sm)”n (WM Sm)]

do oo (87)

w=1
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where
O Wi 63 = 7 Wi B2 = 73 Wi 2T 1 [Pt Wi 82) = Pio Wi £2)]

Note that to compute the derivative of the product factor involved in 67", (-), one can
use the formula

O et [Pin Wi §3) — PV £5,) ]
do
= 17jt=u+l [Pijl (VY- €1, = Pijo(Viw, g"Zw)]

. dlog [pis1 (Wi, €2) — Pijo (Wi E2)]}
Z o

. (88)
j=u+1

To complete the formulation of the above derivatives, we now give the
derivatives for one term, namely pyi (Wi, §2,), With respect to each element of
a = (B'.0,1,,v). To be specific,

9 Piit Wi, £2,)(1 = pijt Wi, E2,)) x5 (89)
Opijt Wi £2,
%‘,S) = pijt Wiw- £3,)(1 — pyjt Wi, £1,))3 (90)
0, ij iws ,'zw
% = pijt Wi, E2)(1 = pijt Wi, £2,))
y

x [rntent [V (6 — 9+ 2] s ana ©1)

o Pist Wino. £2,)(1 = pijt (Winw. Sizw))ﬁkw%w

o=

x B{v}—% [V (2 —4) + 2]

- SR E -9+l puiE-a+a). 0

5.1 Computation Higher Order Moments to Construct
£2;in (84)

Note that when the first and second order responses are used to construct distance
functions for the estimation of the parameters 8, 6, A,, and v, one requires the
third and fourth order moments which are used in the weight matrix to develop the
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estimating equations. The first (mean) and the second order moments are computed
in (78), (79) and (81) using suitable close form expressions. For higher order such
as the third and fourth order moments, it is convenient to compute them numerically
(Sutradhar et al. 2008). To be specific, for the computation of the third order
moments, let >, i3 indicates the summation over all binary variables in the
sample space s that contain 7' — 3 elements out of T elements except y;,, Vi, Vi;- One
may then compute the third order moments as

ElYyYiYy] = Py = Lyu =lL,ypu =1] = Si,u(t (93)

w
= W_l Z Z [f(yll |y1=:|,) Zf(ylllylxl 1, yzw)] _1 Vl/é_l )"_1

w=1 Yiu.yil.yit 3§

where by (78)

FOulyy) = o) P 1 = pao(yi)]' ™"
FOulyij=1: Vi) = Wiyt V)P 1= Py (V)]0 (94)

After an algebra, one may simplify the third order moments in (93) as

Siutr = 12 Z [Pito (it Vi) T o piji (vig i 1’)/lw)]ym=1m,-z=1,y,~,=1’
w=1 Yiu,Yit YitDS ’
95)

7
exp{y (x; B+0yi—1+vi)}

) _ eXszl(X,lﬂ'*'ym)}
1+exp(x,{,-ﬂ+9yi_j—1 +y5) ’

l+exp(x ByE)

with pito(vits ¥, »and Pyt (Vig, Yij—1, Vi) =

where y¥ = y* (Ay, v; ¥y, £2,) as defined by (25).

The computation for the fourth order moments is similar to that of the third order
moments. Let Z(ym,yi ¢ Vimoyi) 5™ indicates the summation over all binary variables
in the sample space s* that contain T — 4 elements out of T elements except
Yius Yils Yims Yir- NOW by implementing this summation, following (95), one writes

the formula for the fourth order moments as

w
EYuYuYuYl= W'Y > [BuoGa.vi)

w=1 yiuyie Yim-yie 5™

X H 2]7;]1(,)711»)71/ l?yzw)]

Yiu=Lyie=Lym=1yp=1

= Piutms> (s2y). (96)

This completes the computation of all moments up to order four. These moments
were exploited to construct the GQL estimating Eq. (84) for all parameters involved
in the model, namely 8, 6, A,, and v.
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5.2 Asymptotic Normality and Consistency of &oL

Following (83), for true o, define
1 & 1 & oL
8 =— i) =— ) 2227 (vi— ), 97
gk (o) K;:lg(a) K; o i (vi = &) o7

where vy, ..., v;,..., Vg are independent to each other as they are collected from K
independent individuals, but they are not identically distributed because

v ~ (;i(ﬂ»e’kwU)7Qi(:3’97kysv))» (98)

where the mean vectors in (82) and also the covariance matrices in (83) are different
for different individuals.
Now one may derive the asymptotic distribution of &gg. by using the same

technique as for the derivation of the asymptotic distribution of Bgo; given in
Sect. 3.1.1 for the Poisson mixed model. Thus, it can be shown that

Jim_éeor — N(e, Vil (B.6.4,.v)), (99)
or equivalently

IV (B, 6, Ay, )] [cor — || = Op(v/p + 3). (100)

where

(él)’

7}

K
Vk(B,6,4,,v) = Z [2:(B,6,A,, )]

This establishes the consistency of gy for c.

6 Discussion

It has been assumed in various econometric studies for count and binary panel data
that the distribution of the random effects involved in the model is unknown. This
makes the estimation of the regression effects 8 and dynamic dependence parameter
p under the Poisson dynamic mixed model, and the estimation of 8 and the dynamic
dependence parameter 6 under the binary dynamic mixed model, very difficult. As a
remedy, some authors such as Wooldridge (1999) and Montalvo (1997) developed
certain estimation techniques those automatically remove the random effects from
the model and estimate rest of the parameters, 8 and p in the Poisson case. However
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as demonstrated by Sutradhar et al. (2014), these estimation approaches have two
drawbacks. First, the conditional maximum likelihood (CML) method used by
Wooldridge (1999) and the instrumental variables based GMM (IVGMM) method
used by Montalvo (1997) become useless for the estimation of the regression effects
B when covariates are stationary (time independent), even though they are able to
remove the random effects. Second, when the random effects y; or y* are removed
technically, the estimates of B and the dynamic dependence parameter (p) alone are
not sufficient to compute the mean, variance and correlations of the data, which is a
major drawback from the view point of data understanding/analysis. One encounters
similar problems with the weighted kernel likelihood approach of Honore and
Kyriazidou (2000, p. 84) for the inferences in binary dynamic mixed logit models.
The aforementioned inference issues do not arise when one can assume a suitable
distribution for the random effects. Because the random effects appear in the linear
predictive function of the generalized linear model, many studies mainly in statistics
literature have considered normality as a reasonable assumption for the distribution
of the random effects. Thus, under the assumption that the random effects involved
in the longitudinal mixed models follow N(O, Uf), the GQL estimation of the

regression effects f and of and moment estimation of the longitudinal correlation
index parameter p were developed by Sutradhar and Bari (2007), for example, for
longitudinal count data, and by Sutradhar (2008) for longitudinal binary data. See
also Breslow and Clayton (1993), Breslow and Lin (1995), Lin and Breslow (1996),
Jiang (1998), and Sutradhar and Qu (1998).

However, in this paper we have provided an extension of the normal latent effects
based longitudinal mixed models for count and binary data to the #, latent effects
based models. The inference for these extended models have been complex not only
because of an additional degrees of freedom parameter but also for the difficulty that
unlike simulation of N (0, 1) random effects in the Gaussian case, the simulation of
£,(0,1) is not possible when v is unknown. In this paper we have resolved this
issue through a new transformation which helps to generate data from a #4(0, 1)
distribution for the purpose and then proceed for estimation of the v parameter. In
summary, we have developed a GQL estimation technique for the estimation of all
parameters involved in the models including the degrees of freedom parameter.

Acknowledgements The authors thank a referee for comments and suggestions. The second
author presented a part of this paper in the symposium as a part of his Key Note address part I.
Special thanks go to the audience of the symposium for their feedback.

References

Amemiya, T.: Advanced Econometrics. Harvard University Press, Cambridge, MA (1985)

Bartolucci, F., Nigro, V.: A dynamic model for binary panel data with unobserved heterogenity
admitting a ﬁ—consistent conditional estimator. Econometrica 78, 719-733 (2010)

Breslow, N.E., Clayton, D.G.: Approximate inference in generalized linear mixed models. J. Am.
Stat. Assoc. 88, 9-25 (1993)



Longitudinal Mixed Models with  Random Effects for Repeated Count. . . 71

Breslow, N.E., Lin, X.: Bias correction in generalized linear models with a single component of
dispersion. J. Am. Stat. Assoc. 82, 81-92 (1995)

Cox, D.R.: The analysis of mulitivariate binary data. Appl. Stat. 21, 113-120 (1972)

Freeland, R.K., McCabe, B.P.M.: Forecasting discrete valued low count time series. Int. J. Forecast.
20, 427434 (2004)

Heckman, J.J.: Statistical models for discrete panel data. In: McFadden, D., Manski, C.F. (eds.)
Structural Analysis of Discrete Data with Econometric Applications. MIT Press, Cambridge
(1981)

Honore, B.E., Kyriazidou, E.: Panel data discrete choice models with lagged dependent variables.
Econometrica 68, 839-874 (2000)

Jiang, J.: Consistent estimators in generalized linear mixed models. J. Am. Stat. Assoc. 93,
720-729 (1998)

Lee, Y., Nelder, J.A.: Hierarchical generalized linear models. J. R. Stat. Soc. B 58, 619-678 (1996)

Lin, X., Breslow, N.E.: Bias correction in generalized linear mixed models with multiple
components of dispersion. J. Am. Stat. Assoc. 91, 1007-1016 (1996)

Manski, C.F.: Semi-parametric analysis of random effects linear models from binary panel data.
Econometrica 55, 357-362 (1987)

McDonald, D.R.: The local limit theorem: a historical perspective. J. Iran. Stat. Soc. 4, 73-86
(2005)

Montalvo, J.G.: GMM estimation of count-panel data models with fixed effects and predetermined
instruments. J. Bus. Econ. Stat. 15, 82-89 (1997)

Sutradhar, B.C.: On the Characteristics function of multivariate student t-distribution. Can. J. Stat.
14, 329-337 (1986)

Sutradhar, B.C.: An overview on regression models for discrete longitudinal responses. Stat. Sci.
18, 377-393 (2003)

Sutradhar, B.C.: On exact quasilikelihood inference in generalized linear mixed models. Sankhya:
Indian J. Stat. 66, 261-289 (2004)

Sutradhar, B.C.: On auto-regression type dynamic mixed models for binary panel data. Metron 56,
205-217 (2008)

Sutradhar, B.C.: Inferences in generalized linear longitudinal mixed models. Can. J. Stat. 38,
174-196 (2010) [Special issue Ed. B.C. Sutradhar]

Sutradhar, B.C.: Dynamic Mixed Models for Familial Longitudinal Data. Springer, New York
(2011)

Sutradhar, B.C., Bari, W.: On generalized quasilikelihood inference in longitudinal mixed models
for count data. Sankhya: Indian J. Stat. 69, 671-699 (2007)

Sutradhar, B.C., Farrell, P.J.: On optimal lag 1 dependence estimation for dynamic binary models
with application to asthma data. Sankhya B: Indian J. Stat. 69, 448-467 (2007)

Sutradhar, B.C., Qu, Z.: On approximate likelihood inference in Poisson mixed model. Can. J. Stat.
26, 169-186 (1998)

Sutradhar, B.C., Prabhakar Rao, R., Pandit, V.N.: Generalized method of moments versus
generalized quasilikelihood inferences in binary panel data. Sankhya B: Indian J. Stat. 70,
34-62 (2008)

Sutradhar, B.C., Jowaheer, V., Rao, R.P.: Remarks on asymptotic efficient estimation for regression
effects in stationary and non-stationary models for panel count data. Br. J. Probab. Stat. 28,
241-254 (2014)

Wooldridge, J.: Distribution-free estimation of some non-linear panel data models. J. Econ. 90,
77-97 (1999)

Zhao, L.P., Prentice, R.L.: Correlated binary regression using a quadratic exponential model.
Biometrika 77, 642—-648 (1990)



	Longitudinal Mixed Models with t Random Effects for Repeated Count and Binary Data
	1 Introduction
	1.1 Conditional and Unconditional (Normality Based) Correlation Structures for Repeated Count Data
	1.2 Conditional and Unconditional (Normality Based) Correlation Structures for Repeated Binary Data
	1.3 Plan of the Paper Under the Proposed t Random Effects with Unknown Degrees of Freedom ν

	2 Poisson Mixed Model with tν Random Effects
	2.1 Basic Properties of the Poisson Mixed Model: Unconditional Mean and Variance
	2.2 Correlation Properties of the Poisson Mixed Model: Unconditional Covariances

	3 GQL Estimation for the Parameters of the Poisson Mixed Model
	3.1 GQL Estimation for the Regression Effects β
	3.1.1 Asymptotic Properties of the GQL Estimator of β

	3.2 GQL Estimation for the Scale and Shape Parameters
	3.2.1 Computation of Ωi(CI) Ω*i(β,λγ,ν)
	3.2.2 Asymptotic Properties of the GQL Estimator GQL=[γ,GQL,GQL]': 2 1 

	3.3 Moment Estimation of Correlation Index Parameter ρ

	4 Binary Dynamic Mixed Logit Model with tν Random Effects
	4.1 Basic Properties of the Binary Mixed Model: Unconditional Mean and Variance
	4.2 Computation of Unconditional Covariances for BDML Model with tν Random Effects

	5 GQL Estimation for the Parameters of the BDML Model with tν Random Effects
	5.1 Computation Higher Order Moments to Construct Ωi in  (84)
	5.2 Asymptotic Normality and Consistency of GQL

	6 Discussion
	References


