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a b s t r a c t

Themost popular econometricmodels in the panel data literature are the class of linear panel datamodels
with unobserved individual- and/or time-specific effects. The consistency of parameter estimators and the
validity of their economic interpretations as marginal effects depend crucially on the correct functional
form specification of the linear panel data model. In this paper, a new class of residual-based tests is pro-
posed for checking the validity of dynamic panel data models with both large cross-sectional units and
time series dimensions. The individual and time effects can be fixed or random, and panel data can be
balanced or unbalanced. The tests can detect a wide range of model misspecifications in the conditional
mean of a dynamic panel data model, including functional form and lag misspecification. They check a
large number of lags so that they can capture misspecification at any lag order asymptotically. No com-
mon alternative is assumed, thus allowing for heterogeneity in the degrees and directions of functional
formmisspecification across individuals. Thanks to the use of panel datawith largeN and T , the proposed
nonparametric tests have an asymptotic normal distribution under the null hypothesis without requiring
the smoothing parameters to growwith the sample sizes. This suggests better nonparametric asymptotic
approximation for the panel data than for time series or cross sectional data. This is confirmed in a sim-
ulation study. We apply the new tests to test linear specification of cross-country growth equations and
found significant nonlinearities in mean for OECD countries’ growth equation for annual and quintannual
panel data.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Structural relationships are needed for testing economic theo-
ries and evaluating policy. Many economic relationships are dy-
namic in nature and there has been an increase in interest in
dynamic panel data models in recent literature (e.g., Arellano and
Bond (1991), Kiviet (1995), Hahn and Kuersteiner (2002), Alvarez
and Arellano (2003)). In practice, a linear functional form for dy-
namic structural economic relationships is often assumed, and
there has been a relativelywell-established econometric theory for
linear panel data models (Baltagi, 2001; Wooldridge, 2002; Arel-
lano, 2003; Hsiao, 2003). However, linearity for panel data models
is assumed for convenience. Economic theories usually do not sug-
gest a linear functional form and, in fact, many theories indicate a
nonlinear relationship.

While there are a large number of papers on the estimation of
panel data models, not much effort has been devoted to functional
form specification and evaluation of dynamic panel data models
in the literature (Granger, 1996). To fill this gap, the present pa-
per develops a new class of specification tests for the linear func-
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tional form in dynamic panel data models with conditional het-
eroskedasticity of unknown form. By construction, the proposed
tests are also applicable to static panel datamodels, but themotiva-
tion and emphasis are tailored toward dynamic panel datamodels.
Various specification tests for panel data models have been pro-
posed in the literature (e.g., Hausman (1978), Hausman and Taylor
(1981), Arellano (1990), Arellano and Bond (1991), Liu and Steg-
nos (1999), Baltagi (1997, 1999), Baltagi (2001, ch. 4), and Metcalf
(1996)). Nevertheless, none of these tests are designed to check the
functional form specification of panel datamodels. Themost popu-
lar specification tests by Hausman (1978) and Hausman and Taylor
(1981), for example, check whether unobserved individual effects
are correlated with observed explanatory variables, under the
maintained assumption of a linear functional form. It would be also
desirable if a test for the linear functional form specification pre-
cedes Hausman test. Recently, Henderson et al. (2008) proposed
bootstrap procedures to determine whether a parametric, semi-
parametric or nonparametric model is appropriate.

This paper will propose a class of specification tests for lin-
earity in dynamic panel data models, with no prior knowledge
of possible alternatives (including functional forms, lag structures
and heterogeneity across individuals). Themainmethodology used
characterizes the correct specification of the panel data models by
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the martingale (difference) property of model residuals. The pro-
cedure proposed in the paper tests the linear functional form spec-
ification of a dynamic panel data model with both a large cross
section dimension N and a large time series dimension T . Testing
the functional form of panel data models is not trivial. Besides the
impact of parameter estimation uncertainty, care is needed to con-
trol for unobserved heterogeneity and the difficulty of controlling
N and T jointly when allowing them to grow to infinity simulta-
neously (see, Phillipse and Moon, 1999, for more discussion on the
joint limit theory). Panel data with large N and T are particularly
informative about the dynamic nature of a panel process, offering
additional insights into the data-generating process (see, e.g., Bai
et al., 2009; Chen et al., 2012; Li et al., 2011, for more discussion
on the motivation of studying the large panel data). The asymp-
totic analysis and limiting results for such panel data substantially
differ from those for time series or cross-sectional data. This paper
imposes relatively mild conditions on the relative rates of growth
between N and T , thus the proposed tests are applicable to panel
data with various size combinations of N and T .

The asymptotic results here are in contrast with those of Hong
and Lee (2005), who, in a univariate time series context, derive
the asymptotic normality of nonparametric kernel-based tests by
requiring the smoothing parameter to grow to infinity as T in-
creases. As shown in this paper, this condition is not required for
the asymptotic normality of the nonparametric test statistics in
panel contexts, thanks to the benefits of using largeN and T panels.
Also, in a time series or cross-sectional analysis, it is well known
that the asymptotic theory for nonparametric statistics usually
provides poor finite sample approximation (e.g., Skaug and Tjøs-
theim (1993a,b)), because the asymptotically negligible higher or-
der terms depend on the smoothing parameter and are very close
in regard to the order of magnitude to the dominant term that
determines the asymptotic distribution. Accordingly, the asymp-
totic approximation of test statistics delicately depends upon the
smoothing parameter. The fact that the asymptotic distribution
of the proposed nonparametric test statistics in panel data con-
texts does not depend on the smoothing parameters indicates that
the asymptotic theory may provide a reasonable approximation
in a panel data context even for moderately small samples. This
is an advantage of using panel data. In this sense, the results of
the present paper provide a new insight into the nonparametric
applications for the panel data analysis. Indeed, simulation study
shows that the asymptotic theoryworks reasonablywell for (N, T )
as small as (25, 25) and for different combinations of large N and
small T , or small N and large T .

Because there exist infinite nonlinear alternatives with poten-
tial heterogeneity across individuals, we do not assume a spe-
cific common alternative model for all individuals. This flexibility
is attributed to the use of individual-specific generalized spectral
derivative functions, which can capture both linear and nonlinear
serial dependence and heterogeneous dynamics in the conditional
mean for each individual. In addition, the individual-specific gen-
eralized spectrum enjoys the nice features of spectral analysis. For
example, they incorporate information about serial dependence
from all lags and can capture cyclical dynamics caused by linear
or nonlinear serial dependence for each individual. Thus, this ap-
proach can detect a wide variety of heterogeneous misspecifica-
tions in both the functional form and lag structure. The proposed
tests are particularly useful when the information set contains a
large time dimension.

Dynamic economic theory, while having implications for the
conditional mean dynamics, is usually silent in regard to the
higher order conditional moment dynamics. It is important to
develop tests of the functional form for the conditional mean of
panel datamodels that are robust to conditional heteroskedasticity
and other higher order time-varying moments of unknown form
(e.g., Meghir and Windmeijer, 1999; Cermeño and Grier, 2001).
Failure to accommodate conditional heteroskedasticity will cause

improper sizes for the tests. As an important feature, the proposed
tests are robust to conditional heteroskedasticity and higher order
conditionalmoments of unknown form. The associated asymptotic
analysis is non-trivial because we can no longer exploit the
implications of serial independence, particularly in a panel data
context where the control of unobserved heterogeneity is needed.

Section 2 describes the panel data framework, states the hy-
potheses of interest, and proposes the individual-specific general-
ized spectral tests. The asymptotic distribution of the test statistics
is derived in Section 3, while Section 4 studies asymptotic power
of the test statistics under a general class of alternatives. Section 5
discusses a data-driven lag order selection, and Section 6 contains
simulation study. Section 7 applies the new tests to growth empir-
ics and Section 8 contains conclusions. All proofs are given in the
mathematical appendix and Supplementary Material. Throughout
the paper, the following notationswill be used: C denotes a generic
bounded constant, ∥·∥ denotes the Euclidean norm and A∗ denotes
the complex conjugate of A.

2. Hypotheses of interest and approach

2.1. Hypotheses of interest

The most popular econometric models in panel data literature
are the class of linear panel data models with additive individual
and time effects (e.g., Baltagi, 2001; Wooldridge, 2002; Arellano,
2003; Hsiao, 2003)

Yit = X ′

itβ + αi + λt + εit , i = 1, . . . ,N, t = 1, . . . , Ti, (2.1)

where αi is a time-invariant individual-specific effect; λt is a time-
specific effect that is common to all individuals; Yit is a scalar de-
pendent variable; Xit is a k× 1 vector of explanatory variables that
may contain lagged dependent variables, and current and lagged
exogenous variables; and β is a k×1 parameter vector that is com-
mon to all individuals and does not change over time. We observe
Yit and Xit , but not αi and λt . Both αi and λt can be fixed or ran-
dom, in the sense that they can be correlated or uncorrelated with
the observed explanatory variables Xit . The time-specific effect λt
is used to capture the intercorrelation (i.e., cross-sectional depen-
dence) across i. We allow for unbalanced panel data, which is very
common in practice. Eq. (2.1) coversmost popular econometric lin-
ear dynamic panel data models in the literature (e.g., Holtz-Eakin
et al. (1988), Arellano and Bond (1991), Arellano (2003), Hsiao
(2003), Hjellvik and Tjøstheim (1999)).

In practice, the specification (2.1) is usually an economic struc-
tural model that is derived from an economic theory such as the
Rational Expectations. The models or applications that fall within
this class of specification have been proposed in the literature
and have been widely used in practice. For example, Arellano and
Bond (1991) consider the Euler equationmodel for firm investment
and from that derive the dynamic employment equation. MaCurdy
(1981, 1985) developed the life-cycle labor supply model under
uncertainty, which suggests a rational-expectations solution to the
consumer’s problem. Altonji (1986) formed the basis of the em-
pirical study of the life-cycle labor supply model and Ziliak (1997)
employed this model, within which the empirical performance of
instrumental variables estimators with predetermined instru-
ments was examined.

The focus of the panel data literature has been on the inference
of the true parameter value β0, the partial effect of Xit on Yit ,
after controlling for the impact of unobserved heterogeneity.
The consistency of β̂ for β0 and the validity of the economic
interpretation of β0 as the marginal effects of Xit on Yit critically
depend upon the linearity with suitable control of the unobserved
heterogeneity. In this paper, we are interested in whether the
linear functional form in a dynamic panel data model is correctly
specified after controlling for the unobserved heterogeneity across
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