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Introduction

Panel unit root tests combine information from the time-series dimension
with that from the cross-section dimension, such that fewer time
observations are required for these tests to have power.

@ Levin and Lin (1992)
e Maddala and Wu (1999)
@ Im, Pesaran and Shin (2003) (IPS).

A critical assumption underlying these tests is that of cross sectional
independence. Failing to account for potential cross-sectional dependence
leads to size distortions.
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Introduction

This paper examines the time series properties of a 3D panel, which were
first looked at by Ghosh (1976), and subsequently by Baltagi (1987).

Within the context of a 3D panel, N might denote countries (or industries)
and M might be regions (or firms within that country or industry).

With such panels there is the possibility of an error covariance matrix in
which there is different correlation across the N units compared to across
the M units.
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Introduction

Examples of 3D panels are still relatively rare, but are starting to appear in
the literature.

e Matyas (1997), Baltagi et al. (2003). Econometric gravity models
that account for time, exporter and importer effects.

o Goldberger and Verboven (2005). Market integration and
convergence in the European car market using a large panel of make
of car, countries and time.

e Davies and Lahiri (1995). Inflation forecasts available for different
individuals, across varying time horizons over the period from 1977
through to 1992.
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Introduction

This paper uses Monte Carlo simulation to investigate the small sample
properties of the IPS test, for a 3D panel of data that allows for
cross-sectional correlation over both the N and M dimensions.

The simulation results show a severe size distortion of the IPS test, and we
consider two alternative procedures to account for potential cross-sectional
dependency:

@ An extended version of the cross-sectionally augmented IPS (CIPS)
test statistic; see Pesaran (2007). This involves tabulating a new set
of critical values to apply the CIPS test in a 3D setup.

@ A procedure based on a bootstrap of the residuals of the IPS test.
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Introduction

The plan of the paper is as follows.

Brief review of the IPS approach to unit root testing.

°
@ Design of the Monte Carlo simulations.
@ Main simulation results.

°

Empirical application.
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Let us assume that y; ; is generated by a first-order autoregressive process:
Ayie =ai+biyie-1+ Y Dy +eie, i=1...,N,

The null hypothesis to test the presence of a unit root is Hy : b; = 0 for all
i, against the alternative that at least one of the individual series in the
panel is stationary, that is H; : b; < 0 for at least one i.
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The IPS test averages the ADF statistics obtained in equation (1) across
the N cross-sectional units of the panel, denoted as:

o N
tharyt = (N)_l Zf‘,‘j,
i=1

where #; 7 is the ADF test for the ith cross-sectional unit.

IPS show that a suitable standardisation of the FbvarNT statistic, denoted

as th~ar, follows a standard normal distribution.

A critical assumption underlying the IPS test is that of cross sectional
independence. Failing to account for potential cross-sectional dependence
leads to over-rejection of the unit root test statistics, the extent of which
is related to the degree of this dependence.
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CIPS test

Pesaran (2007) suggests modifying the IPS test by augmenting equation
(1) with the cross section averages of lagged level and lagged
first-differences of the individual series in the panel.

Thus, the test would be based on the following pt" order cross-sectionally
augmented ADF regressions:

P P
Ayir = ai+ biyie 1+ Y cirDyier +diye 1+ Y Dy + e, (2)
r=1 r=0

where y; is the cross section mean of y;;, defined as y; = (N)_l fV:l Yit-
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CIPS test

The corresponding cross-sectionally augmented version of the IPS (CIPS)
test statistic is:

N
CIPS = (M) ' Y ¢,

i=1

where t; is the cross-sectionally ADF statistic for the it unit.

Critical values of the CIPS statistic are tabulated by Pesaran (2007) for:

@ Case I: No intercepts or trends,
@ Case Il: Intercepts only, and

@ Case lll: Intercepts and trends.
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3D CIPS test

Pesaran (2007) (p.27) suggests the CIPS test could be generalised "... for
a richer pattern of cross dependence ...(which) can be dealt with by
augmenting the individual ADF regressions with additional cross-section
averages formed over subgroups, such as regions, sectors or industries."

For a 3D panel the CIPS test would be based on the following pt" order
cross-sectionally augmented ADF regressions:

P P
Ayie = aj+byyie—1+ Y CirAyije—r + di¥e—1 + Y i AVe—r (3)
r=1 r=0

p p
+giVit-1+ Y hipAVie—r + kiFje—1 + Y lieAVje—r + €51,
r=0 r=0

where y; is the cross-sectional mean of y;; ¢+, ¥+ is the cross-sectional
mean formed over j and y; ; is the cross-sectional mean formed over i.
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3D CIPS test

The corresponding 3D-CIPS test, would then be:

3D-CIPS = ( ZZtU,

i=1j=

where tj; is the cross-sectionally ADF statistic for the ijth cross-sectional
unit.

Table 1 presents critical values of the 3D-CIPS (based on 20,000 Monte
Carlo replications) for different values of N, M and T, and deterministic
components.

These critical values are larger in absolute terms than the corresponding
values tabulated by Pesaran (2007).
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Table 1. Critical values of the 3D-CIPS test

N M T nc, nt C c t
5% 10% 5% 10% 5% 10%
5 2 20|-251 -230|-3.01 -2.78|-3.43 -3.20
5 5 20|-2.06 -1.96|-254 -243|-294 -2.83
5 10 20|-194 -186|-241 -233|-280 -2.73
10 2 20 |-225 -210|-2.72 -257|-3.13 -2.98
10 5 20(-193 -186|-2.41 -233|-280 -2.73
10 10 20 |-1.86 -1.80|-2.32 -226|-2.72 -2.66
20 2 20|-210 -1.99|-256 -2.45|-298 -2.85
20 5 20|-187 -1.81|-233 -227|-273 -2.67
20 10 20| -1.82 -1.77 | -2.28 -2.23 | -2.67 -2.63
25 2 20|-205 -1.95|-251 -242|-293 -282
25 5 20|-186 -1.80|-2.31 -2.26|-2.72 -2.66
25 10 20| -1.81 -1.76 | -2.27 -2.22 | -2.67 -2.62
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Table 1 (cont’d). Critical values of the 3D-CIPS test

N M T nc, nt C c t
5% 10% 5% 10% 5% 10%
5 2 25|-251 -231|-299 -279|-341 -3.21
5 5 25|-208 -1.97|-255 -245|-297 -2.86
5 10 25|-196 -1.89 | -243 -236|-284 -2.77
10 2 25]-226 -212|-2.73 -259|-3.14 -3.00
10 5 25]-196 -189|-2.44 -236|-2.84 -2.77
10 10 25(-1.89 -183|-236 -2.30|-2.77 -2.71
200 2 25|-210 -2.00|-257 -2.46|-298 -2.87
20 5 25|-190 -1.84|-236 -2.31|-277 -271
20 10 25| -1.85 -1.80|-2.32 -227|-2.72 -2.68
25 2 25|-207 -198|-253 -244|-294 -285
25 5 25|-188 -1.83|-235 -230|-276 -2.70
25 10 25|-1.84 -1.79|-231 -226|-271 -2.67
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Table 1 (cont’d). Critical values of the 3D-CIPS test

N M T nc, nt C c t
5% 10% 5% 10% 5% 10%
5 2 40 |-251 -233|-298 -2.80|-341 -3.22
5 5 40 |-212 -2.02]|-259 -250]-3.01 -2.92
5 10 40 |-2.00 -193]|-248 -2.41|-290 -2.83
10 2 40 |-228 -214|-2.75 -262|-3.16 -3.03
10 5 40(-199 -192|-247 -241|-290 -2.83
10 10 40 |-1.93 -188|-2.41 -236|-2.82 -2.77
20 2 40| -2.14 -2.04|-260 -251]-3.02 -293
20 5 40|-194 -1.88|-242 -236|-2.83 -2.78
20 10 40| -1.89 -1.85|-2.37 -2.33|-2.78 -2.74
25 2 40| -211 -2.02|-257 -2.48|-298 -2.90
25 5 40|-192 -1.87|-240 -235]|-2.82 -2.77
25 10 40 |-1.89 -184|-236 -232|-278 -2.74
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Bootstrap approach (BIPS)

As an alternative procedure to handle cross-sectional dependency, Maddala
and Wu (1999) and Chan (2004) have considered bootstrapping unit root
tests. This involves:

@ Resample the restricted residuals Ayj; + = yjj+ — yij,t—1 = €jj,+ after
centring, since yj;,; has a unit root under the null hypothesis. Let ¢
be the bootstrap samples of ¢j; ;.

*
ij,t

@ Preserve the cross-correlation structure of the error term within each
cross section 1, j, for which we resample the restricted residuals with
the cross-section index fixed.

*

© Generate the bootstrap samples of y;-t by taking partial sums of € ¢

that is y,;‘-’t = y,;‘-’o +Yi 8;;',/0 where y,-jfvo is set equal to zero.

These Monte Carlo simulations are based on 2,000 replications each of
which uses 100 bootstrap repetitions. This bootstrapped IPS test will be
denoted as BIPS.
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Monte Carlo simulation design

Let us assume that yj; ; is generated by a first-order autoregressive process:

Yijt = (1 - ‘PU) wi+ @y +eje, p;~N (0,1),
eje~ N (0,0,21-) ,
o ~ U[0.5,1.5]

Under the null hypothesis ¢;; =1 for all /,j. Under the alternative
hypothesis ¢ = 0.9 for all i, ;.

e N =(5,10,20,25); M = (2,5,10); T = (10,20, 25, 40) .
@ Replications: 2,000 (the first 50 observations are discarded).

oy and (7,2] are generated independently of ¢;; once, and then fixed
throughout replications.
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Monte Carlo simulation design

Further, we allow the cross-sectional dependence to differ across the i, j
cross-sectional units, of the form:

o k=1 0> p=gq
E<£ikf1€i/t) - { Wi k # / YE(Spjtlgqjt) - { wpq p # q
where, following O'Connell (1998), we set wy = 0.3,0.5,0.7,0.9, and
restrict the cross-sectional correlation over i to be a constant proportion of
that over j, that is, wpq = 0wy, where 8 = 0.0,0.25,0.5,0.75, 1.0.
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Main results: Size

Both the 3D-CIPS and BIPS tests are approximately correctly sized,
although the empirical size of the BIPS test tends to be slightly low when
w is small and N and/or M are large.
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Main results: Power

The power of both the BIPS and the 3D-CIPS tests increases with
increases in either the number of cross-sectional units, N or M, or with
increases in T.

However, while the power of the BIPS test falls as the degree of
cross-sectional correlation (in either wy, or 0) increases, the power of the
3D-CIPS test is largely invariant to the degree of cross-sectional
correlation.
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Main results: Power when there is cross-correlation over j,

but none over i

(in other words 6 = 0.0)

For example, consider i =2, j =3, 0 = 0.0, wyy =0.5

1
0.5 1
05 05 1
0 0 0 1
0 0 0 05 1
0 0 0 05 05 1
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Main results: Power when there is cross-correlation over j,

but none over i

The BIPS test unambiguously dominates the 3D-CIPS test for all values of
Wil-

As an alternative procedure, aggregating the data over j to produce a 2D
panel removes the cross-sectional dependency, although reduces the
cross-sectional units from NM to N. In this case, the standard IPS test
applied over the 2D aggregated data is correctly sized, and its power is
better than that of the 3D-CIPS test, but remains inferior to that of the
BIPS test.

Note, however, that even for relatively small values of 0, aggregation over
J yields incorrectly sized tests, as correlation remains over i and is
therefore inappropriate.
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Main results: Power when there is cross-correlation over j,

but none over i

3D — CIPS (6 = 0.0) BIPS (6 = 0.0)
N M T W/ W
03 05 07 09| 03 05 07 09
5 2 40| 88 9.0 9.7 10.1 552 518 463 412
5 5 401|186 183 178 187|865 76.0 61.4 451
5 10 40|319 316 314 31.8|953 836 645 441
10 2 40| 134 136 140 143|825 793 739 652
10 5 40|313 314 318 31.0]982 925 820 673
10 10 40| 47.0 468 46.1 46.2 |99.8 973 87.7 703
20 2 40184 186 189 19.0]985 975 949 89.8
20 5 40 | 442 448 449 435 | 100 99.8 97.7 91.0
20 10 40 |59.8 60.0 59.8 60.0| 100 100 99.0 92.7
25 2 40209 206 205 214|994 99.0 97.7 949
25 5 40 | 476 481 476 475| 100 99.9 98.7 949
25 10 40639 635 626 619 | 100 100 999 96.9
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Main results: Power when there is cross-correlation over j,

and little over /

(in other words 0 < 6 < 1)

For example, consider i =2, j =3, 0 = 0.25, wy = 0.5

1
05 1
05 0.5 1

0.125 0.125 0.125 1
0.125 0.125 0.125 0.5 1
0.125 0.125 0.125 05 05 1
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Main results: Power when there is cross-correlation over j,

and little over /

In general the BIPS test has greater power compared to the 3D-CIPS test
for all values of 6 considered, when wy; < 0.5.

For wy; > 0.5 the power of the 3D-CIPS test is occasionally greater than
that of the BIPS test, with the dominance of the 3D-CIPS over the BIPS
test more likely when 6 is bigger and N, M or T are larger. For example,
for 8 = 0.75, wyy = 0.9, N =25, M =10 and T = 40 the power of the
3D-CIPS test is 76.2% compared to 30.1% for the BIPS test.
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Main results: Power when there is cross-correlation over j,

and little over /

3D — CIPS (§ = 0.75) BIPS (6 = 0.75)
N M T W Wyl
03 05 07 09| 03 05 07 09
5 2 40| 90 93 99 99496 39.7 31.7 240
5 5 40]183 190 186 19.0 | 72.0 522 357 234
5 10 40314 315 308 31.7 813 581 372 236
10 2 40 (134 131 126 13.7|66.2 494 345 247
10 5 40 (315 322 315 31.7|827 585 402 263
10 10 40 | 454 440 450 46.0|87.1 624 408 26.6
20 2 401|186 188 19.1 185 |79.6 582 402 276
20 5 40| 43.0 431 436 434|874 618 401 2738
20 10 401|589 589 60.0 593|916 678 454 292
25 2 401|205 208 20.7 203|835 607 403 259
25 5 40 | 475 471 475 481|894 648 446 31.0
25 10 401|649 631 630 632|918 679 459 301
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Main results: Power when there is identical correlation over

i and j

(in other words 6 = 1)

For example, consider N =2, M =3,0=1, wy =05

1
05 1
05 05 1

05 05 05 1
05 05 05 05 1
05 05 05 05 05 1
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Main results: Power when there is identical correlation over

i and j

The CIPS test as outlined in equation (2) can be applied. The size of the
CIPS test is correct and the power is greater than that of the 3D-CIPS

test. For example, in the case of 8 = 1 reported above, the CIPS test has
power of 82.0%.
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Main results: Power when there is identical correlation over

i and j

3D — CIPS (6§ = 1.0) BIPS (6 = 1.0)
N M T W Wyl
03 05 07 09| 03 05 07 09
5 2 40| 92 92 91 9.0 453 343 250 17.2
5 5 40]19.2 193 197 20.1 | 645 422 253 16.2
5 10 401|320 317 311 314|734 441 259 147
10 2 40132 129 124 127|584 377 241 154
10 5 40 (317 323 321 316|734 441 259 147
10 10 40 [ 45.0 449 441 429|763 448 269 152
20 2 40| 18.7 185 18.8 18.1 | 69.6 434 257 1538
20 5 40| 423 423 432 428|763 448 269 152
20 10 40| 59.0 588 574 56.8|815 496 284 161
25 2 401|201 206 205 208|734 441 259 147
25 5 40| 476 475 474 478|783 489 30.0 16.6
25 10 40| 644 643 650 634|802 506 296 16.0
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Empirical application

Consider an international macro data set consisting of the log of real

bilateral exports (imports) from (to) country i to (from) country j at year
t.

@ i includes Belgium-Luxembourg, Canada, France, Germany, ltaly,

Japan, The Netherlands, Spain, Switzerland, United Kingdom and
United States;

@ j includes Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica,
Ecuador, Mexico, Paraguay, Peru, Uruguay and Venezuela;

@ Sample period is 1963 to 2006 (T = 44).

Trade data were collected from the UN Commodity Trade Statistics
Database, while export and import deflators were taken from the IFS

produced by the IMF. The total number of observations used for
estimation is 5,676.
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Empirical application

The individual ADF(p) regressions (with and without cross-section

augmentations) are estimated for p = 0, as determined by the Schwartz
information criterion.

For the BIPS test, the percentiles of the bootstrap distribution were
calculated as described in Maddala and Wu (1999), using 2,000
replications and a block size equal to 1.
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Empirical application

Under the unit root hypothesis and in the absence of cross-section
dependence, the IPS statistic indicates very strong rejection of the null
hypothesis.

The 3D-CIPS and BIPS test statistics, both of which account for differing
degrees of potential cross-sectional dependencies over i and j, also indicate
a strong rejection of the null hypothesis of a unit root, although there is a
marked reduction in the absolutely size of the test statistic (qualitatively
similar results are obtained when choosing p = 1 or when the block size is
set equal to 2).
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Empirical application. Panel unit root tests include

intercept and trend

Variables IPS 3D-CIPS  BIPS

Real bilateral exports -10.369 -4.290 -2.901
1% critical value | (-2.330) (-2.920) (-2.560)

5% critical value | (-1.650) (-2.820) (-2.450)

10% critical value | (-1.280) (-2.770) (-2.383)

Real bilateral imports -7.730 -3.442 -2.716
1% critical value | (-2.330) (-2.920) (-2.510)

5% critical value | (-1.650) (-2.820) (-2.408)

10% critical value | (-1.280) (-2.770) (-2.361)
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