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M-ESTIMATION IN NONLINEAR REGRESSION
FOR LONGITUDINAL DATA

MARTINA ORSAKOVA

The longitudinal regression model Z7 = m(fy,X;(T7)) 4+ &/, where Z7 is the jth mea-
surement of the ith subject at random time 77, m is the regression function, X;(77) is
a predictable covariate process observed at time Tf and sz is a noise, is studied in marked
point process framework. In this paper we introduce the assumptions which guarantee the

consistency and asymptotic normality of smooth M-estimator of unknown parameter 6.
Keywords: M-estimation, nonlinear regression, longitudinal data

AMS Subject Classification: 62M10, 62F10, 60G55

1. INTRODUCTION

One branch of statistical methodology dealing with repeated measurements are longi-
tudinal studies. The distinguishing feature of a longitudinal data is that the outcome
of interest is measured repeatedly over time in the same subjects, with the general
objective of characterizing change in the outcome over time, and studying factors
which contribute to the mean level and to the change. We deal with longitudinal
studies where the number of subjects is generally large relative to the number of
time points. We consider parametric transitions model (see Diggle, Heagerty, Liang
and Zeger [5]), where the objective of the analysis is to characterize the conditional
mean of the current response given past outcomes, as a function of time, as well as
covariates, the interaction of time and these covariates.

We will not be speaking about the studies which either treat times of measure-
ments as fixed by the study design or, in an observational setting, assume that the
measurement times are unrelated to the interest, and from a statistical modeling
perspective can therefore be treated as if they had been fixed in advance. We will
consider an event that can occur at irregularly spaced intervals in time, known as
waiting times, such that no two events occur simultaneously. The sequence of events
is known as a point process. The number of events in given time intervals, the wait-
ing time between successive events, or, more generally, the intensity of occurrence of
events may be of interest. We will measure a variable at each time an event occurs,
yielding a marked point process. In this study we deal with regression model with
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repeated measurements in time of event occurrence, where the regression function
is known function with unknown parameters.

This paper is an applied work based on theory of marked point processes. We
have followed closely the approach of Scheike [23] and extended it for M-estimators.
Scheike derived a consistent and asymptotic normal estimator for the unknown pa-
rameter in nonlinear regression model for longitudinal data with counting process
measurement times. He used weighted least square method. The standard least
square method is unstable if outliers are present in the data. Outlying data can dis-
tort an parameter estimation. The M-estimators try to reduce the effect of outliers
by replacing the square function by another one.

The plan is as follows. Section 2 presents a model more precisely and the as-
sumptions are enumerated. Section 3 contains proofs of consistency and asymptotic
normality of rescaled M-estimator. Finally the properties of M-estimator are shown
for the case of unknown conditional variance of the noise.

2. NOTATION, MODEL, ASSUMPTIONS

2.1. Model specification

Let (92, A, P) be a probability space. (In what follows all 0,(.) and O,(.) are un-
derstood with respect to this P.) We shall consider the nonlinear regression model

Zl =m(00,X(T))) +¢l, i=1,...,n, j=1,...,N}, (1)

where sz is the jth measurement on the ith subject at random time Tij in the
interval of observation [0,t], m(6p, .) is a known regression function depending on an
unknown d-dimensional parameter 6y, X;(77) a p-dimensional covariate process of
subject i at time T7 and & is noise. Let B denote the Borel o-field on R. For A € B,
define the counting process

Ni(A) = Y 1(Z] € AIT? < 5)

and the associated marked point process P*(ds x dz)
P'([0,5] x A) = Nj(A), s >0, AeB.

Define further the history of the subjects, that is, the history of the marked point
processes, as

Fu=0(N{(A): s<u, AcB,i=1,...,n)V A

The o-algebra A is independent of the former one and represents knowledge prior
to time 0. We further need to define the o-field ., = o((Z*,T]") : T]" <

Tij ; Tz-j ) VA that contains the information just prior to observation of a jump size.
Define further Ni = Ni(R),

the counting process associated with the TV’s. Tt is assumed that no two of the

counting processes N¢ jump at the same time. We assume that X;(s) is predictable
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with respect to the history F, and that N! has a random intensity AL > 0, that is,
AL ds is the probability of a jump in the time interval (s, s +ds]. Aalen’s (1975,1978)
multiplicative model i = a(s)Y(s) (with a(s) deterministic and Y*(s) predictable)
is often used in applications.

Finally, it is assumed that the noise terms have conditional mean and variance

given by )
E (| Frs_) =0,

E ()1 Fp_) = o*(Xi(TY)),
where 02(.) is deterministic, continuous and bounded. The conditional distribution

J

of —5i—— is denoted

a(Xi(T7})) ( &I ‘ >
F J(Z) =P ! < z ]: J )
& (X:(1))) &

therefore, the conditional distribution of Z¥ is

P(Z) < 2|Fpy_) = Fyy ( - zg‘)(;f)(f ))) .

The rescaled M-estimator of the parameter fp is defined as a minimizer of

Lo(0.t) = *ZZ (Z _”;f(ﬁf)() ))> 2)

lljl

= %Z//Hi(H,s,z)Pi(ds x dz),
=17

where p(.) is a real continuous function and

110.5.5) = (LK,

In the case of differentiability of the respective functions, the estimator 0 will be
preferred, defined as a solution to the equations

a%kLn(o,t):o, k=1,....d (3)

that is
m(0, X (T; )) imgx .#:0 k=1,....d
2;¢< o(X:(T7))) )(c’m N ))> o(Xi(T)) o

where ¢(.) = p/(.). We make the natural assumption that

) <1/] <U(XZ(ZTZJ))) ’fo—’Ej = s)

JoR e () o
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Before giving the asymptotic results about the estimator of 8y, some further condi-
tions are stated.

2.2. Assumptions

To facilitate reading we divided the assumptions into several groups.
(A) Let m(6,z) be three times differentiable in a neighborhood B(fy, K) around

parameter fy. Assume that ¢(.) is two times differentiable and ¢"(.) is abso-
lutely continuous function. Assume further

/ / [aok 90’”)] A ( ((90(,5))<>>>ds <

//[aekaol 90"92)]2%(1@ (W) ds| < oo

forall k,1=1,...d.

(B) Let us set

w0 Xi(s) = [ (Q’W) ar (W) ’
(00, Xi(s)) = / [w’ (Wﬂ” <W>
v3(00,X;(s)) = /[w <W)rdﬂ (W)

and assume that

Y2 (00, Xi(s)) < o0
Y3(0o, Xi(s)) < oo.

)

Further we assume that there exist non-negative definite symmetric matrices
37, ¥y such that as n — oo

d

1 — / , , A p
(niz_:lo/mk(aoaXi(s))'mz(eovxi(s))'gg(xi(m‘71(90,Xi(s))ds)k l_n:—m> X5, (5)

d

2 00, 3550 O, 90l a9)ts | 2 B (6)
i=1} v
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and
L3 [t {80 K AL+ e 260, i)
n2 < mk 07 ml 0, 2N (S s 0'4(X1(8)) ,72 0, N (S S
=10
: 1
22/”%1 bo, X )]2')\3'm'%(@o,xi(s))dsﬁo
=17 v
forall k,1=1,...,d.
(C) Let G be a such function that for 6 € B(6,r)
83
s g Hi(0t,2)| < G(L, 2),
’aejaekael (6,%,2)] < Gt 2)

/G(s,z) AL dF, (W) ds | = 0,(1),
/

206 ).\ 2 =m0, Xi(s) ) 1| _»
Glerz) A dFS( o (%,()) )d 0

-
Il
_

S
M=
o

1
n?

NE

n—oo

t
19

-
Il

3. PROPERTIES OF M-ESTIMATION

3.1. Properties of M-estimation for known o2(.)

Theorem 3.1. Assume that the assumptions (A), (B), (C) are satisfied. Then
there exists a consistent solution of (3) (a sequence of the solutions of the equa-
tions (3), {6}, such that ||, — 6| = op(1) as n — o0) and provides a local
minimum of (2) with probability tending to one.

Proof. (The proof follows as in Theorem 1 of Scheike [23].) Write the system of
equations (3) as Uy, (6,t) = 0 and make a Taylor expansion for § € B(6y,r) around
true value 6y

Un(evt) = Un(007t)+d9—9oUn(007 ) d9 GOU (9*7t)

= Un(007t) + (0 - 00)T : In(QOa ) dG GOU (9*,t)

where 0* € line (60,60y) (line (6,6y) denotes the line segment between 6 and 6y),

d 2 *
_ 0 o o kit kg=2 1 8PUL0% 1)
In(6,1) := (aekae n (0o, ))k 1 and dg_o Un(07,1) = 34120, k>0 BT o 26" ...00%

)

(01— 001)™ ... (04 — Boq)*.
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To prove the proposition, the plan is to show that

Un(fo,t) —— 0, (7)
In(eo,t) L) E[, (8)
U0 0 (1), ky >0, ... kg >0, ki+ ...kg=2 (9)

8071 .00

forall @ € B(6p,r). Then it follows that én provides a local minimum with probability
tending to one, and is a consistent solution of (3).

To show (7) we need to establish that the process Uy, (6p,t) is a martingale. Note
that due to the assumption (4) you can write

U (907t)
d
] —m%(ﬂw 1 |
= ! L . - -m' 0 ,Xi T‘ij
nzzw< x@) ) ey MEI)

B n t meo, ( )) ) 1 om! g
i ZZw( sy ) sy O

i=1j—1
3 [ () e e (g

According to martingale transform theorem (see Boel, Varaiya, Wong [4], p. 1010)
U,(0g,t) is a martingale with E(U,(6p,t)) = 0 (define further 0-martingale to be
a martingale with mean 0) with predictable quadratic variation process

= 5 Z//W( 9078))( ))) my, (0o, Xi(s )(;gl?;§§007Xi(8))

ALdF, (W) &

k=1

mj (60, Xi(s)) - m (00, Xi(s)) i P
::MZ/%% .05 ‘ALds —— 0,

) n—oo

110

by assumption (B). Then Lenglart’s inequality, see Jacod and Shiryaev [9], p.35,
gives that »
sup |Up (6o, s)] —— 0 (10)
s<t n— 00
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and (7) follows.
To establish (8), write

; z —m(bo, X;(s))
n(0 n(0 CALdF | ——————— ) ds.
69k891 07 // 89k891 0:8 s ( O’(Xl(s)) y
Note that the first term in (11) is a O-martingale with a compensator that is equal
to
n
lz//w/ z—m(0o,Xi(s))\  my (6o, Xi(s)) - my (6o, Xi(s))
n o(Xi(s)) o*(Xi(s))
0

ALdF, (W) @

X[ (™) ™ on (o ™) o
and quadratic predictable variation process that is given as
L Z// [ , ( eo, i(s >>>r [mi (60, X g)()xyzzl;)e i(5))]?

-ALdF, (W)ds

AE[Ibe) s

(W) .

0
> [ 5000 5i9) - sy - O K - Xids 0
0

n—oo
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by assumption (B). So by Lenglarts’s inequality the first term of (11) converges in
probability to zero. The second term is equal to

t
”go/ V00 0): 35y 0035 5)) (00,5 () N s = o
=1

Finally we will show (9), i.e. for all € B(0y, K), k1 >0, ..., kg >0, ki1 + ...+
kqg=2
02U, (0,1)

a0y ... 00k

The assumption (C) gives that
1
< - // (s,2)Pi(ds x dz).
n 4

= 0,(1).

D3Ln(6,1)
90,040,

02U (0,1)]
90,60, |

Now, again as above, one gets:

72//GszPlds><dz ;i//G(s,z))\idFs(w>ds

_10

is a 0-martingale with predictable quadratic variation process that is equal to

5% e non (o) o

and according to assumption (C) converges in probability to zero. Lenglart’s in-
equality gives that

sup Z / G(s, 2)Pi(ds x dz) //G(&z))\i dr, (z_f&’(i”)(s))> ds| ——0

n t
and together with assumption (C %z;OffG s, 2)AL dF, (%) ds = 0,(1)

we get (9). O

The next theorem gives asymptotic normality for a consistent solution of the
equations (3).

Theorem 3.2. Under the assumptions (A), (B), (C) and with 8, consistent solu-

tion of (3), it holds that
Vi (6, — 6p) —2— N(0,%),

n—oo



M-Estimation in Nonlinear Regression for Longitudinal Data 69

where ¥ = X755t

d
& 2 (2] m(en,x (T)\ | M (0 X (T7)) - m] (0n, X (T7))
Further Xy := < Z Z P ( o, ) LM 02(Xi(ij)) )k .

1=17=1

)

and —1 (§n, t) provide consistent estimates of Xy and Xy, respectively.
Proof. Making a Taylor expansion around the true parameter 6y one gets
Up (6, t) = Un (00, t) + (0, — 0)7 - I, (6%, 1)
where 6* € line (én, o), so since 9\” is a solution, this equation states that
—1,(0%,6)"" - Un (6o, t) = 6, — .

The theorem follows if one can show

Vi Un(00,t) —— N(0,5p), (12)
L(6*,t) —2— %, for 8, —— 6. (13)

The first condition (12) follows by the martingale convergence theorem, see Jacod
and Shiryaev [9], p.476 or Andersen and others [2], p.83. The quadratic predictable
variation process of f Un(6o,1) is equal to

1 & ' (00, X, (s)) - mi (00, X, .
*2/73 0o, X mk(ﬁo, (S)ég m; (0o, Xy(s)) N ds
i=1 @

3

which converges to Xy according to the assumption (6). Then together with the
result (10) one gets that

(VnU, (00, ) I{|Un (60, t)| > e}) —— 0.

n— o0

Finally, condition (13) follows from the Taylor expansion (similarly as in the last
part of previous proof). O

Further result can be used for testing a simple hypothesis H: § = 6, against the
composite hypothesis G: 6 € ©. Let W,(X) denote the Wishart distribution corre-

sponding to a p-dimensional normal distribution N,(0,X). Define R,, = n(Ln(é\m t)—

Ly (00,1)).

Theorem 3.3. Under the hypothesis H and under the assumptions of the Theo-
rem 3.2. it holds that

R, —>nio W, (1/25; 25,571,

Proof. The proof can be again carried out by repeating the steps of the proof
of Theorem 3 of [23]. O
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3.2. Properties of M-estimation for unknown o2(.)

The conditional variance o(.) is usually unknown. The natural choice is replacing
02(.) by its estimator o2(.). To be able to apply asymptotic properties of the M-

statistics on the estimator 6,,, we need to know something about the behaviour of
the sum

—mOX(TDN (i) L
Zzw< Un( z(Tl)) ) ( k(’ l( l)))kzl O/:\n(Xz(IW’L]))

i=1 j=1

It seems to be obvious if the derivative of the function p exists and is sufficiently
smooth that for consistent estimator of o(.) we can rely on properties proved in
the previous section. Indeed under some additional assumptions the theorems will
be still valid.
Scheike and Zhang [24] propose the non-parametric estimation of conditional
variance which is uniformly consistent. Let K(.) be a kernel function with support
1], [K(u)du = 1, and let b = (by,...b,) be a p-dimensional bandwidth,
|b| = b1...bp, b € (0,00)P. The Nadaraya—Watson type estimator, m(z) of m(z) is
defined by .
7 (2)

") =56y
where
ZZZJ K (2 = X (T),0)
=1 j=1 | |
and .
X, (T7),b).
lezl 0 ),b)

Similarly, the estimator of the variance function, o2(.), can be estimated by the
squared-residual kernel estimator

z) = — (m(2))?
V() = 5 - ()
where n N
V() = 2 S (ER K = KT,

Before stating the theorem, let us redefine the notation to make the dependence
on ¢ more explicit. Redefine L, (0,t) to L,(0,0,t), Uy (8,t) to Uy, (o,0,t), L,(0,t) to
I,(0,0,t) and R(0,t) to R(c,0,t).

Theorem 3.4. Under the assumptions
(i) (4) holds,

(if) X;(s) belongs to some compact set C' almost surely for all s,
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(iii) ;Z() is a uniformly consistent estimator of 02(.), i.e. sup,c¢ |<;Z(ac) —o%(z)]
—2 0, and further there exists ¢ > 0 such that &, (z) > ¢ for all z € C,

n—oo

(iv) m(0,x) is three times differentiable in a neighborhood B(6y, K) around the
parameter 6y and v (.) is two times differentiable and ¢ (.) is absolutely con-
tinuous,

4
(v) a0, Xi(s)) i= [ (oo} ap, (el ) < oo,

(vi) EL Y [y Aids = 0,(1)
there exists a consistent solution of U(a,,0,t) = 0, that provides a local minimum

of L(7,,0,t).

Proof. The proof proceeds similarly as in Theorem 3.1. To prove the proposition,
we need to show that

(Un(@n,00,t) — Un(o,60,t)) —2— 0, (14)
(In(Gn,0,t) — I,(0,00,1)) —2— 0, (15)
(d3_o,Un(Gn, 07, 1) — d3_y Un(0,0%,1)) —2— 0, (16)

where 6* € line (6, 6p).
To show (14), start with the Taylor expansion of the (7, 6o, s) for all 7, (X;(s))
satisfying the assumption (iii) around true value o(X;(s)):
¥(on,00,5) (17)

= Ul80.5) ~ 0/ (0t 5) - I @08 (5) — (i (5)

where o.(z) € line (7,(x),0(z)) for all z € C. Let us apply (17) in the formula
U (E’r\u 007 t)

_ 1 w00 XTI\ (o i)t L
_ zm( o Xl )(kwo,xl(zm))k_l S

=1 j5=1

and study both summands in the difference AU, (0o, t) := U, (7, 00,t) — Upn (0,60, 1)
separately. Define the kth component in the AU, (0o,t) as AU, (k,6p,t) and define
the first summand in the AU, (k, 0y,t) as AU1,(k,0p,t). Then

AU1,(k, 0o, t)
o } 1 o(X(T7)) )
= —— 0,00, T7) - m} (0, X, (T7)) - — | = 1]
ZZ’” ’ O @y <an<xi<T3>>

Since the ;5(30) is a consistent estimator of o%(z), and 7, (z) > ¢ > 0 it holds that

SUP,ec |2 22). L — 1‘ < K.

@) —% 1 and there exists K > 0 such that SUp,co |
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It follows that |AU1 (k,00,t)] < K|Uy(k,00,t)| and similarly as in (10) we get
AUl (k 90, ) —> 0.

Let us consider the second summand of AU, (k, 6o,t) :

- ZL —m(00, Xi(TY))
AU2,(k, 0o, t) V' (04,00,T]) - = ——
’ ;;} ’ o2(Xi(T)))

Fn (X (1Y) — o(Xi(TY))

mi (0o, Xi(T7)) - - _
(00, X4(T7)) 7 05(T9))

Since o(z), 04(x), 0, (x) and m} (6p, z) are bounded functions and +’(.) is absolutely
continuous function we can write

|AU2, (k, 09, t)| < *ZZ

i=1 j=1

|y - oxi(17))

K2

Xi(1))

7z _meo, (T ’))‘

We need to show that |AU2,(k,60,1)] L 0. Since the 55(:10) is a consistent

— 00

estimator of o?(z) it is sufficient to prove that * M‘ < 00.
P =)
Write
1L ;me N1 2 —m(00, Xu(s))
R (e (), oo
[ (Tj)) nis aXis) 1/,

//

and note that due to the assumptions (v) and (vi) the first term is a O-martingale
with a compensator that is equal to the second term. The quadratic predictable
variation process of the martingale is given as

[ 3y LTy

Hence, by Lenglarts’s inequality the first term of (18) converges in probability to
zero. The second term is equal to

72// z=m(f )>‘MdF (Jggo’()))d <= Z/xds_

Now it is easy to show (15) and (16). Since we would just repeat the corresponding
technique as above we omit the rest of the proof. O

z_am<wxw<zg§@U@
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Theorem 3.5. Under the assumption of Theorem 3.4, Theorem 3.2 and Theo-
rem 3.3 remain true if 02(.) is replaced by its a uniformly consistent estimator o2 (.).

Proof. The proof follows similarly as above. (]

4. DISCUSSION

We have presented in this paper the assumptions under which there exists a consis-
tent and asymptotic normal M-estimator of unknown regression parameter in model
with longitudinal data. Let us look at the assumptions more closely. The most severe
limitation was given on the form of error penalty function p(.) in the M-estimation
in (2). Since we used Taylor’s expansion for proving characteristics of estimator
we required so that p(.), ¥(.), ¥'(.),1"(.) were absolutely continuous functions. For
example ordinary least square estimator meets these requirements but we search
for function which is less increasing than square. Since the influence function of an
M-estimate is proportional to ¢ (z), the function 1 (z) (roughly speaking) measures
the influence of a datum on the value of the parameter estimation. For the least
square estimator with p(z) = %2, the influence function is 1 (x) = =z, that is, the
influence of a datum on the estimation increases linearly with the size of its error,
which confirms the non-robustness of the least square estimator. Although the set
of sufficiently smooth functions of (.) are limited, we still can use e.g. Lo — L;
function, Cauchy function, Geman and McClure function, Welsch function or Hebert
and Leahy function. For the definition of a few commonly used M-estimators see
the following table:

Type p(x) Y(x)

z2 x
Ly—IL, 2 ( 1+ %5 — 1) \/@
Cauchy % log (1 + (%)2) ﬁ
Geman—Mc Clure f_ifz W
Welsch El (1 _ e—(%)?) ze—(2)
Hebert and Leahy 2 log(1 + 2?) e

These results should be extended also for non-smooth penalty functions. This
may be a relevant area for further research that can be inspired with the results and
methods of Rubio and Visek [22].
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