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Detecting Mutiple Breaks in
Financial Market Volatility Dynamics*

Elena Andreou† Eric Ghysels‡

Résumé / Abstract

Nous appliquons plusieurs nouveaux tests conçus pour déceler les ruptures structurelles dans la
dynamique de variance et de covariance conditionnelles. Les tests s'appliquent à la fois aux processus de
la classe ARCH et de type SV et tiennent compte des caractéristiques de mémoire longue. Nous les
appliquons également aux estimateurs de volatilité engendrés par les données, en utilisant des données à
haute fréquence et nous suggérons des applications multivariées. En plus de déterminer la présence des
ruptures, les statistiques permettent d’identifier le nombre de ruptures ainsi que l'emplacement de ruptures
multiples. Nous étudions la taille et la puissance des nouveaux tests pour divers modèles réalistes
univariés et multivariés de variance conditionnelle et d’échantillonnage. L’article conclut avec une analyse
empirique à partir de données provenant des marchés d’actions et de taux de change pour lesquels nous
trouvons de multiples ruptures associées aux crises financières asiatiques et russes. Dans les échantillons
sélectionnés avant et après les ruptures, nous trouvons des changements dans la dynamique et dans la
mémoire longue de la volatilité.

We apply several recently proposed tests for structural breaks in conditional variance and
covariance dynamics. The tests apply to both the class of ARCH and SV type processes and allow for long
memory features. We also apply them to data-driven volatility estimators using high-frequency data and
suggest multivariate applications. In addition to testing for the presence of breaks, the statistics allow to
identify the number of breaks and the location of multiple breaks. We study the size and power of the new
tests under various realistic univariate and multivariate conditional variance models and sampling
schemes. The paper concludes with an empirical analysis using data from the stock and FX markets for
which we find multiple breaks associated with the Asian and Russian financial crises. We find changes in
the dynamics and long memory of volatility in the samples prior and post the breaks.

Mots clés : Ruptures structurelles, ARCH, mémoire longue, données à haute fréquence
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á�Ð�í[É�ßq�jÛ�à ÌÊË�Î\âsË�Ë�ÛMà éqÐ+Ë�ÏÀÈ¶Ü MPObÉ�ËwÉ�è+ÛMÑ ÛMß�Ì¶ÎW�sß�Ð�ÎMÛ\Ë�ËMÙ���Ïc�uÉ�ËwÑsÐ�ÏÀÛ\àqÏ�ë«ÉJÏwã¥ÛMË�Ì¶àsÛMË
Ë�î�âsÉ�ß�Û\à½ß�Û\Ï�âsß�Ñ:�sß�Ð�ÎMÛ\Ë�Ë�Û\Ë-Ú_Ð+ä�Ð�ËPOMäUÉ&ÉJÑsà½ÆHÛMÌ��sâsË?#�Ô-%(%(%�Öl;JÕ+Õ+Õ+*?Ë�â è+è+ÛMË�Ï§ÏÀÐ	É��S�sÈ Ü
Ï�ësÛMÌ¶ß Ç Y�álY84 ÏeÜT�¥Û�ÏÀÛ\Ë�Ï�Ë�ÏÀÐÞÉ�ãsË�Ð�ÈÊâ Ï�Û9�JÉ�ÈÊâ ÛMËqÐ�í_ß�Û~ÏÀâsß�ÑsËMÖ�rësÌ¶Î|ë]É�ß�Û;ÎMÐ-��ÛMß�Û\à
ã�Ü Ï�ësÛMÌ¶ß-ß�ÛMè�âsÈµÉ�ß�Ì¶ÏeÜ�ÎMÐ+Ñsà Ì¶ÏÀÌ¶Ð+ÑsË\ÙqA-ësÛQÌÊÑ�ÏÀÛ\ß�ÛMË�Ï»ÌÊÑ0Ë�Ï�âsà Ü�ÌÊÑsèhÏ�ësÛQÉ�ãsË�Ð�ÈÊâ Ï�ÛQß�Û\Ï�âsß�ÑsË
Ë�ÏÀÛMéqË&íGß�Ð�é "�Ì¶ÑsèsÖ8Ó_ßÀÉ�Ñ è+ÛMß\Ö8É�Ñsà:Å=Ñsè+È¶Ûb#�Ô-%�%+Ø+*�ÉJÑsà�ÏÀësÛ½Ë�âsãsË�ÛMî�âsÛMÑ�ÏZ�uÐ+ß�äÞÐ+Ñ
È¶Ð+ÑsèréêÛ\éêÐ�ß�Ü�å�æ-Ç§ç#éêÐ�àsÛ\ÈÊËMÖ@Ë�ÛMÛ 6§É�ÌÊÈ¶ÈÊÌ¶Û�Ö-6uÐ�ÈÊÈÊÛ\ß�Ë�ÈÊÛB��É�Ñsà`4�Ì¶ä�äJÛMÈ¶Ë�ÛMÑ@#�Ô-%(%�)+*~Ö@É�Ñ à
È¶Ð+ÑsèhéqÛMéqÐ+ß�Ü½áTn"éêÐ�àsÛMÈ¶ËMÖsË�ÛMÛi6uß�ÛMÌÊà�ÏdÖ¥ÇußÀÉUÏÀÐqÉ�Ñsà$àsÛQÆHÌÊéêÉ	#�Ô-%(%�'+*~Ö´ÇuÐ�é	ÏÀÛ�É�Ñ à
ærÛMÑ«ÉJâsÈ¶Ï`#�Ô&%(%('+*�ÖaÉJéêÐ+Ñ èqÐJÏÀësÛ\ß�ËMÙ»ç»ÛMÑsÎ\Û�Ö �jÛ	Û!  É�éêÌ¶ÑsÛ	Ç Y�álY04 ÏeÜT�aÛQÏÀÛMË�ÏÀËU�rÌ¶ÏÀë
MPOjÛMî�â«É�È=ÏÀÐ$É�ã Ë�Ð+È¶â ÏÀÛRß�Û~ÏÀâsß�ÑsËMÙRÝNÌ¶Ï�ë*Ë�î�â«É�ß�ÛMàÞß�Û\Ï�âsß�ÑsËz�jÛêË�ë«É�ÈÊÈTãaÛRÛ�  É�éqÌÊÑ ÌÊÑsè
�rësÛ~ÏÀësÛ\ß	ÏÀë ÛMß�Û É�ß�Ûêãsß�ÛMÉ�ä�ËhÌÊÑÞå�æ-Ç§ç É�Ñ à:áTn�ìZÏeÜT�aÛ�� ß�Ð�ÎMÛMË�Ë�Û\Ë&ÏÀë«ÉJÏ&É�ß�Ûêàsß�Ìf�+Û\Ñ
ã�Ü0Ë�î�â«ÉJß�ÛMà;ß�Û\Ï�âsß�Ñ ËMÙuÝNÌ ÏÀë�É�ãsË�Ð�ÈÊâ Ï�ÛQß�Û\Ï�âsß�ÑsËU�uÛQÌÊÑ+��ÛMË�Ï�ÌÊè�ÉUÏÀÛz�rësÛ\Ï�ësÛMßrÏÀësÛ\ß�Û	É�ß�Û
ãsß�ÛdÉ�ä�Ë�ÌÊÑ_ÏÀë Û8ÏeÜT�¥Û8Ð�íS�sß�Ð�Î\ÛMË�Ë�ÛMË�Ð�íºÏ�ÛMÑ�íGÐ+âsÑsàQÌÊÑ_ÏÀë ÛwÈ¶Ì¶Ï�ÛMßÀÉUÏÀâsß�Û?Ð+ÑQÈÊÐ+ÑsèréqÛMéqÐ+ß�Ü�ÌÊÑ
��Ð+ÈµÉJÏ�ÌÊÈ¶Ì¶ÏeÜ+Ù ��Ï?Ë�ësÐ+â ÈÊàhã¥Û§Ë�Ï�ß�ÛMË�Ë�Û\àbÖ�ë Ð=�jÛB��ÛMß\Ö�Ï�ë«ÉJÏ=ã ß�ÛdÉJä�Ë=Ì¶Ñ V ��Ó_å�æ-Ç§ç,� ß�Ð�ÎMÛMË�Ë�Û\Ë
ÎMÉ�Ñ)ã¥Û$íGÐ+â Ñsà ÏÀë ß�Ð+âsè�ë Û�  É�éqÌÊÑ ÌÊÑsè¿Ë�î�â«É�ß�ÛMà]ß�Û\ÏÀâ ß�ÑsË\Ö �rësÛMß�ÛdÉ�Ë ã ß�ÛdÉJä�Ë�ÌÊÑ È¶Ð+Ñsè
éqÛMéqÐ+ß�Ü`�+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ¶ÏeÜQíGÛdÉUÏÀâsß�ÛMËuÌ¶Ñ�É�éqÐ+ß�Û»ãsß�Ð+É�àsÈ¶Ü&àsÛ\Í«Ñ ÛMà Ë�ÛMÑsË�Û�ÖsÎMÉ�Ñ�ã¥Û�Û!  É�éêÌ¶ÑsÛMà
��ÌµÉRÉ�ã Ë�Ð+È¶â ÏÀÛ_ß�Û\ÏÀâ ß�ÑsË\Ù

å àsÛ��«ÉJß�ÏÀâ ß�Û�íGß�Ð+é Ï�ësÛ;È¶ÌÊéqÌ¶ÏÀÛ\à�Ñ�âsé&ã¥ÛMßêÐ�í_É��l�sÈÊÌ¶ÎdÉJÏ�ÌÊÐ+ÑsË&íGÐ�âsÑsà Ì¶Ñ Ï�ësÛ$ÈÊÌ¶Ï�ì
Û\ßÀÉJÏ�âsß�ÛêË�Ð�í[É�ßQÌÊËQÏÀÐ�âsË�Û½É�Î~ÏÀâ«É�È¶È¶Ü*Û\Ë�ÏÀÌ¶é�ÉUÏÀÛMË�Ð�írÎMÐ�ÑsàsÌ¶Ï�ÌÊÐ+ÑsÉ�Èq�+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ ÏeÜ�ÏÀësß�Ð+âsè+ë
Ï�ësÛ�âsË�Û�Ð�íQësÌÊè+ë íGß�ÛMî�âsÛ\ÑsÎ\Ü)à«ÉJÏ|É�Ù A-ësÛ�ÈÊÐ+è�ÌÊÎ0íGÐ+ß ÎMÐ�ÑsË�Ì¶àsÛMß�ÌÊÑsè�Ë�âsÎ|ëNÛMé��sÌÊß�ÌÊÎMÉ�È
�sß�Ð�Î\ÛMË�Ë�ÛMË�Ì¶Ë�ÏÀë«ÉUÏ_Ë�î�â«É�ß�ÛMà*ß�Û~ÏÀâsß�ÑsË�ÎdÉ�Ñ�ã¥Û`��ÌÊÛ��uÛ\àÞÉJË�ÑsÐ+Ì¶Ë�Ü�ß�ÛdÉJÈÊÌJOMÉJÏÀÌ¶Ð+ÑsË»Ð�í8ÏÀësÛ
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�«ÉJß�ÏÀÌ¶ÎMâsÈÊÉ�ß§Ì¶éZ�¥Ð+ß�ÏÀÉ�ÑsÎ\Û_ÌÊÑ	�aÛ\ß�Ì¶Ð�àsËrÐ�í�Í«Ñ«ÉJÑsÎMÌÊÉ�ÈHÎMß�ÌÊË�Û\Ë�à âsß�Ì¶Ñsè �rësÌÊÎ|ë�Ë�ësÐ�Î|ä�Ë�É�Ñ à
Ë�ÏÀß�â Î\ÏÀâ ßÀÉ�ÈjÎ|ë«É�Ñsè+Û\Ë&ÎdÉJÑ#ãaÛqÏÀßÀÉJÑsË�éqÌ¶Ï�ÏÀÛMàÞãaÛ~Ï��uÛ\ÛMÑ#Í«Ñ«É�Ñ ÎMÌµÉJÈjéêÉ�ß�äJÛ\Ï�ËMÙ3A-ësÛ�ÎMÐJì
éqÐ-�+ÛMéqÛMÑ�Ï�Ë-ãaÛ~Ï��uÛ\ÛMÑ$ß�Û\Ï�âsß�Ñ Ë�ÉJß�Û�Ë�ÌÊé&âsÈÊÉJÏÀÛ\à ã«É�Ë�ÛMà0Ð+Ñ0ÉE40ì�Ó�å�æ-Ç§çrì�Ç-Ç ÉJË-àsÛ~ì
Í«Ñ ÛMà	Ì¶Ñ�Û\î�â«ÉJÏÀÌ¶Ð+ÑsËN#<;�Ù ;(*�ì�#<;�Ù Fa*�Ù�A-ë&Ú���ÆêÏÀÛ\Ë�ÏTÉ��S�sÈ¶ÌÊÛMËHÏ�Ð�ÉrâsÑsÌf��ÉJß�ÌµÉUÏÀÛ=å�æ§Ç§ç1#"! *
�sß�Ð�Î\ÛMË�Ë_É�ÑsàK�jÛ1�sß�Ð-��Ì¶àsÛ	Ë�Ð+éqÛ`�sß�ÛMÈÊÌ¶éêÌ¶Ñ«É�ß�Ü Ë�Ì¶é&âsÈÊÉJÏÀÌ¶Ð+ÑsË-ÏÀë«ÉUÏ�Û�  É�éqÌÊÑ ÛQÏ�ësÛ	Ë�ÌJOMÛ
É�Ñ à:�¥Ð=�jÛMßuÐ�íbÏÀë Û�ÏÀÛ\Ë�Ï �rësÌÊÎ|ë:�jÛ�Û! �ÏÀÛMÑ à½ÌÊÑêÏ�ësÛ�íGÐ�ÈÊÈÊÐ-�rÌ¶Ñsè�Ï��uÐhà ÌÊß�Û\Î\Ï�ÌÊÐ+ÑsË\ÙqVTÌ¶ß�Ë�ÏdÖ
�jÛ»Ï�ÛMË�ÏuíGÐ+ß8ãsß�ÛdÉ�ä�ËwÌÊÑRÏÀësÛ»ß�Û~ÏÀâsß�ÑsËuÐ�íCÐ+ÑsÛ»É�Ë�Ë�Û\ÏMÖ � g�g . O�Ö+�rësÌ¶ÈÊÛrÎ|ë«É�Ñ è+Û~ìm�aÐ+Ì¶Ñ�ÏÀË8Ð�Î\ÎMâsßÌ¶ÑqÏ�ësÛ7� ß�Ð�ÎMÛMË�ËuÐ�íaÏÀësÛ»Ë�Û\ÎMÐ+Ñ à½É�Ë�Ë�Û\ÏMÖ � �R� . O�Ö�Ð+ß=ÏÀë Û�ÎMÐ�ß�ß�Û\ÈµÉJÏ�ÌÊÐ+Ñhã¥Û\Ï��jÛMÛ\Ñ ÏÀësÛ\é�Ö � g � ÙA-ësÌ¶Ë=Ë�Ì¶é&âsÈµÉUÏÀÌÊÐ�Ñ	Û� .�¥ÛMß�ÌÊéqÛMÑ�ÏwÉ�àsàsß�ÛMË�Ë�ÛMËwÏÀësÛ-Ì¶Ë�Ë�âsÛrÐ�í´ÏÀësÛ-ÏÀß�É�ÑsË�éêÌ¶Ë�Ë�Ì¶Ð+ÑhÐ�í¥ãsß�ÛdÉ�ä�ËMÙ
á�Û\ÎMÐ+Ñ àbÖT�jÛ»Û�  É�éqÌÊÑsÛ-ÏÀë Û»Î|ësÉ�Ñsè+Û�ì��¥Ð+ÌÊÑ�Ïwë�Ü.�¥Ð�Ï�ësÛMË�ÌÊËwÌÊÑRÏÀësÛrÎMß�Ð+Ë�Ë�ì��sß�Ð�à âsÎ\Ï�ËuÐ�í¥ÏÀësÛ
ß�Û\ÏÀâ ß�ÑsË2#�� g�g . O � � �R� . O^*:�sß�Ð�ÎMÛ\Ë�Ë0Ì¶íQãsß�ÛdÉ�ä�Ë0Ð�Î\ÎMâsß½Ì¶Ñ � �R� . O�Ð+ß½ÌÊÑ)Ï�ësÛ�ÎMÐ+ß�ß�Û\ÈµÉJÏ�ÌÊÐ+Ñ
ã¥Û\Ï��jÛMÛ\Ñ�ÏÀë Û�Ï��jÐ�ß�Û\Ï�âsß�ÑsË\Ö�� g � Ù�eÑ:AmÉ�ãsÈ¶ÛFi�jÛ�Û��JÉ�ÈÊâ«ÉUÏÀÛ§ÏÀë Û7�sß�Ð(�¥ÛMß�Ï�ÌÊÛ\ËwÐJíCÏÀë Û�Ú���Æ�Ï�ÛMË�ÏjÌÊÑRàsÛ~ÏÀÛ\Î\ÏÀÌ¶ÑsèQãsß�ÛMÉ�ä�Ë
Ì¶Ñ � g�g . O?�rë ÛMÑ)Ì Ï�Ì¶Ëêè+Û\ÑsÛMß�ÉJÏÀÛ\à)ã�Ü:ÏÀësÛ�ãsÌ��JÉ�ß�ÌµÉJÏ�Û;Ó_å�æ§Ç§ç �sß�Ð�Î\ÛMË�Ëb#<;�Ù ;(*�ì�#<;�Ù Fa*�Ù
Y»ÑsàsÛMß&Ï�ësÛ½Ñ�âsÈÊÈjë�Ü.�¥Ð�Ï�ësÛMË�ÌÊËRÐ�í»ësÐ+éqÐ+è+Û\ÑsÛMÌ ÏeÜXÏ�ësÛ0É&�+ÛMß�É�è+Û½ÑsÐ�éêÌ¶Ñ«É�ÈwË�ÌJO\Û½Ð�írÏÀësÛ
Ï�ÛMË�Ï§ÌÊËjÉ�ß�Ð+â Ñsà�Ô`Õ�
 íGÐ+ßwÏÀësÛ�É�È¶Ï�ÛMß�Ñ«ÉJÏÀÌf�+Û0"�ÓiG=Ë?#[É�Ñsà à Ì � ÛMß�Û\Ñ�Ï � g � �¸Ë *~ÙcY»ÑsàsÛ\ßuÏÀësÛ

Ô-)



É�È ÏÀÛ\ß�Ñ«ÉJÏ�Ì���Û�ë�ÜT�aÐJÏÀësÛ\Ë�ÛMË�Ð�íwÉêË�ÌÊÑ è+ÈÊÛ�ãsß�ÛMÉ�ä�Ì¶Ñ;ÏÀë Û`�«É�ß�É�éqÛ\ÏÀÛ\ß�Ë�ÐJí � �R� . O=Ï�ësÛhÚ���Æ
Ï�ÛMË�ÏríGÐ+ß � g�g . OmÜ�Ì¶ÛMÈÊà Ë-Ë�Ð+éqÛ_ÌÊÑ�ÏÀÛ\ß�Û\Ë�ÏÀÌ¶ÑsèRß�Û\Ë�âsÈ ÏÀËMÙ�A-ë ÛQË�ÌJO\Û�ÉJÑsà½ÏÀësÛ�ÈÊÐ�ÎdÉUÏÀÌÊÐ�Ñ�Ð�í�ÏÀësÛ
ãsß�ÛdÉ�ä;ÌÊÑ � �R� . O-É � ÛMÎ~ÏÀË_ÏÀësÛE�¥Ð-�uÛ\ß�Ð�íwÏÀë ÛRÏ�ÛMË�ÏdÙZV´Ð�ß_ÌÊÑsË�Ï|É�ÑsÎ\Û�ÖHíGÐ+ß�É0Ë�éêÉ�ÈÊÈmãsß�ÛMÉ�ä
#GÛ�Ù¸èsÙ0Õ0S ÔêÌ¶ÑsÎMß�ÛdÉ�Ë�Û�ÌÊÑ e �R� . - 
 � �R� . - ÉJÑsà ��
������ � *�ÏÀësÛêÉ��S� ÈÊÌÊÎMÉJÏÀÌ¶Ð+Ñ�Ð�í§Ï�ësÛêÚ ��Æ Ï�ÛMË�Ï
Ì¶Ñ � g�g . O-ÈµÉ�Î|ä�Ëz�¥Ð=�jÛMß	É�Ë�Ð(�S�¥Ð+Ë�Û\àÞÏÀÐ0ÏÀë Ûqâ ÑsÌ��JÉ�ß�ÌµÉJÏ�ÛqÓ�å�æ-Ç§ç éqÐ�àsÛMÈU#^;�Ù¶Ô-*_ÎMÉ�Ë�Û
Ì¶Ñ AmÉ�ãsÈ¶Û�;�ÙZ�eÑsÎ\ß�ÛMÉ�Ë�Ì¶Ñsè�Ï�ësÛêË�ÌJO\ÛêÐ�íuãsß�ÛMÉ�ä�ã�Ü¿Õ0S ;0Ì¶Ñ2e �R� . - É�ÑsàÞã�Ü¿Õ0S£×½ÌÊÑ ��
������ �ÉJÏ�ÏÀß�ÌÊãsâ Ï�ÛMË»ãaÛ~Ï�Ï�ÛMß0�¥Ð-�uÛ\ß�ÏÀÐqÏÀësÛ	Ú��QÆÞÏ�ÛMË�Ï�íGÐ+ß � g�g . O=Û\ËP�¥ÛMÎMÌÊÉ�ÈÊÈ Ü@�rësÛMÑ J ÌÊË»ÈµÉ�ß�è+Û
#GÛ�Ù¸èsÙ J � Ø+Õ+Õ+Õ(*~Ù A-ësÛ\Ë�Û�ÈÊÉ�ß�è+Û0Ë�É�éZ� ÈÊÛ$ß�ÛMË�âsÈ¶Ï�Ë É�È¶Ë�ÐXÉ��S�sÈ Ü#ÏÀÐ¿ÏÀësÛ9�aÐ-�jÛMß�ÐJí
Ï�ësÛhÚ���Æ:Ï�ÛMË�Ï�íGÐ+ß#� g�g . OwÌÊÑ;àsÛ\Ï�ÛMÎ\Ï�ÌÊÑsè½ã ß�ÛdÉJä�Ë_Ì¶Ñ;ÏÀë ÛhÎMÐ+ß�ß�ÛMÈÊÉJÏÀÌ¶Ð+Ñ;Î\Ð�Û8�qÎMÌÊÛ\Ñ�ÏdÖ � g � Ùá�â éêéêÉ�ß�Ì�OMÌ¶ÑsèsÖ?ÏÀë Û�Ë�ÌÊé&âsÈÊÉJÏÀÌ¶Ð+Ñ#ß�Û\Ë�âsÈ ÏÀËqÐ�í7ATÉ�ã ÈÊÛdFXË�ësÐ-� ÏÀë«ÉUÏ�Ì í�Ï��jÐXÍ«ÑsÉ�ÑsÎMÌÊÉ�È
É�Ë�Ë�Û~ÏÀË_íGÐ+ÈÊÈ¶Ð-�É ãsÌ��JÉ�ß�ÌµÉJÏ�ÛhÓ_å�æ-Ç§ç �rÌ¶ÏÀë�Î\Ð+ÑsË�Ï|É�Ñ�ÏQÎMÐ+ß�ß�Û\ÈµÉJÏ�ÌÊÐ+Ñ$ÏÀësÛ\ÑXÉ ã ß�ÛdÉJä;ÌÊÑ
Ï�ësÛ&ÎMÐ�ß�ß�Û\ÈµÉJÏ�ÌÊÐ+Ñ�ÎMÐ�Û �qÎMÌ¶ÛMÑ�Ï � g � Ð�í��+Ð�ÈµÉJÏ�ÌÊÈÊÌ ÏeÜ0ÎMÐJì�éêÐ-��ÛMéqÛMÑ�ÏÀË�ÎMÉ�Ñ*ãaÛ	àsÛ\Ï�ÛMÎ\Ï�ÛMà*ÌÊÑ
Ï�ësÛhß�Û~ÏÀâsß�ÑsËz�sß�Ð�ÎMÛ\Ë�Ë�Ð�íwÛMÌ ÏÀësÛ\ß�É�Ë�Ë�Û\Ï�íGÐ+ß�ÈÊÉ�ß�è+Û�JXÙ&ç»Ð-�uÛ��+ÛMß\ÖTÉ½Î|ë«ÉJÑsè+Û~ìm�aÐ�ÌÊÑ�Ï_ÌÊÑ
Ï�ësÛ»Ó�å�æ-Ç§ç,�sß�Ð�Î\ÛMË�Ë=ÐJíCÐ+Ñ Û-É�Ë�Ë�Û\Ï0# � �R� . O^*mÑ ÛMÛMà Ë8Ï�Ð�ãaÛ§ÐJíCÉ_Ë�ÌJOMÛ-Û\î�â«É�È Ï�ÐhÔ+S¤× ��
 ����� �É�Ñ àK;�e �R� . - Ï�Ðêã¥Û�ÏÀß�É�ÑsË�éqÌ¶Ï�ÏÀÛ\à�ÉJÑsà�à Û\ÏÀÛ\Î\Ï�ÛMà�ÉJË�ÉhÎ|ë«ÉJÑsè+Ûz�aÐ�ÌÊÑ�ÏrÌÊÑ(� g�g . ODSå�Ë?É�Í«Ñ«É�È�ÎdÉ�Ë�Û-ÌÊÑ�Ð+âsß?Ë�ÌÊé&âsÈÊÉJÏÀÌ¶Ð+ÑQÛ� �ÛMß�ÎMÌÊË�Û �uÛuÎMÐ+ÑsË�ÌÊàsÛ\ßTÏÀë Û§Î|ë«É�Ñsè�Û~ì��¥Ð+Ì¶Ñ�ÏTë�Ü�ì
�¥Ð�ÏÀë ÛMË�Ì¶ËmÌ¶Ñ�Ï�ësÛjÎ\ß�Ð+Ë�Ë�ìm�sß�Ð�àsâsÎ~Ï?Ð�í«ß�Û\Ï�âsß�ÑsË\Ö>#�� g�g . O � � �R� . O^*�Ö+É�Ñ à	ÑsÐ+ß�é�ÉJÈÊÌJO\ÛMàQß�Û~ÏÀâsß�ÑsËMÖ
� � g�g . O � � �R� . O�� � � g�g . O � �R� . O � 
�Ì¶ÑêéqÐ�àsÛMÈ�#GÌÊÌ *~Ö+Ë�ësÐ-�rÑ ÌÊÑ�ATÉJãsÈÊÛ�×�ÙqA-ë Û�Î\ß�Ð+Ë�Ë�ì�� ß�Ð�àsâsÎ\Ï
Ï�ßÀÉ�ÑsË�íGÐ+ß�éêÉJÏ�ÌÊÐ+ÑRß�Û\àsâsÎ\ÛMËuÏ�ësÛ�à ÌÊéqÛMÑsË�ÌÊÐ+Ñ«ÉJÈÊÌ¶ÏeÜ	Ð�íbé	âsÈ¶Ï�Ì��JÉ�ß�ÌÊÉJÏÀÛuéêÐ�àsÛMÈ¶ËwÉ�Ñsà½É�È¶ÈÊÐ-�rË
Ï�ësÛqÉ��S�sÈ¶ÌÊÎdÉUÏÀÌÊÐ�Ñ�Ð�íjÏ�ësÛqÚ��QÆ ÌÊÑ¿É$â ÑsÌ��JÉ�ß�ÌµÉJÏ�Û	íGßÀÉ�éqÛB�jÐ+ß�ä¥Ù���ÏQÌÊË_ÑsÐJÏ�Ë�âsßP� ß�ÌÊË�ÌÊÑsè
Ï�ë«ÉJÏ0�rë ÛMÑ�ÏÀë ÛMß�Û	ÌÊË�Î|ësÉ�Ñsè+Û�ì��¥Ð+ÌÊÑ�Ï�Ì¶Ñ�Ï�ësÛ&ÎMÐ�ß�ß�Û\ÈµÉJÏ�ÌÊÐ+Ñ$ÎMÐ�Û �qÎ\ÌÊÛMÑ�ÏMÖ � g � Ö�#[É�Ë�è+Ìf�+Û\Ñã�Ü � �g ÌÊÑ ATÉJãsÈÊÛê×(*�Ö�Ï�ësÛ�Ú���Æ Ï�ÛMË�Ï�ë«É�ËQè+Ð�Ð�àb�¥Ð-�uÛ\ß	ÌÊÑ�Ï�ësÛêÎ\ß�Ð+Ë�Ë�ìm�sß�Ð�àsâsÎ~ÏÀË	ÐJí
ã¥Ð�ÏÀë#Ï�ësÛ½ß�Û~ÏÀâsß�ÑsË�ÉJÑsà:ÑsÐ+ß�éêÉ�È¶ÌJOMÛ\à�ß�Û~ÏÀâsß�ÑsËMÖjË�î�â«É�ß�ÛMà Ð+ßRÉ�ãsË�Ð+ÈÊâ�ÏÀÛ ÏÀß�É�ÑsË�íGÐ+ß�éêÉUì
Ï�ÌÊÐ+ÑsË\ÙqA-ësÌ¶ËN�sß�Ð(�aÛ\ß�ÏeÜêÉ�È¶Ë�Ð	ë Ð+ÈÊàsËc�rësÛ\Ñ ÏÀësÛ\ß�Û�Ì¶Ë§ÉQß�ÛMÈÊÉJÏÀÌf�+Û\È¶ÜRÈµÉJß�è+ÛX#[Û\î�â«É�ÈaÏ�Ð&Õ0S£×(*
Î|ë«ÉJÑsè+ÛuÌ¶Ñ ��
������ � Ù A-ësÛuàsÌ � Û\ß�Û\ÑsÎMÛjãaÛ~Ï��uÛ\ÛMÑhÏÀësÛwÏ��uÐ�ÏÀßÀÉJÑsË�íGÐ+ß�é�ÉUÏÀÌÊÐ�ÑsËMÖUß�Û~ÏÀâsß�ÑsË?É�Ñ à
ÑsÐ�ß�éêÉ�ÈÊÌ�OMÛMà½ß�Û\Ï�âsß�ÑsË\Ö´ÈÊÌÊÛ\ËrÌÊÑ½ÏÀësÛi�¥Ð=�jÛMß»Ð�ímÏÀësÛQÚ���ÆXÏÀÐqàsÛ\Ï�ÛMÎ~Ï�Î|ë«ÉJÑsè+Û~ìm�aÐ�ÌÊÑ�ÏÀËrÌÊÑ
� �R� . O�Ù`�eÑ àsÛMÛ\àbÖ�ÎMÐ+é��«É�ß�ÌÊÑsè�Ï�ësÛRß�Û\Ë�âsÈ ÏÀË�íGÐ+ß�Ï�ësÛ ���g ÌÊÑ�AmÉ�ãsÈÊÛq×Z�jÛRÐ+ãsË�ÛMßL��ÛqÏ�ë«ÉJÏ
Ï�ësÛ&ÑsÐ+ß�é�ÉJÈÊÌJO\ÛMà�ß�Û\Ï�âsß�Ñ Ë_ë«É&�+ÛRÈÊÛ\Ë�Ë8�¥Ð-�uÛ\ß_ãaÛ\ÎdÉ�âsË�Û&ÏÀësÛ\ÌÊß�Î\ß�Ð+Ë�Ë�ìm�sß�Ð�àsâsÎ~Ï�ß�ÛMà âsÎMÛ\Ë
Ï�ësÛz�sß�Ð�ÎMÛ\Ë�ËrÏÀÐhÏÀësÛ�Î\ß�Ð+Ë�Ë�ìeÎ\Ð-��ÉJß�ÌµÉJÑsÎMÛ�è+Ìf�+ÛMÑ$ã�Ü #<;�Ù Fa*§ÉJÑsà�Ë�ësÐ-�rÑ;ã�Ü¥Ò�� � g�g . O� � g�g . O � � g . O ��

�� � �R� . O� � �R� . O � � � . O �� � � g . O � � . Ol# � g � * � � � �R� . O � g�g . O ��� g . O � � . O � g � � g � . O

�eÑhÎ\Ð+Ñ�ÏÀßÀÉJË�ÏdÖ+Ï�ësÛ§Î\ß�Ð+Ë�Ë�ì�� ß�Ð�àsâsÎ\Ï8ÐJí´ß�Û\Ï�âsß�Ñ Ë=ÌÊÑ+�+Ð+Èf�+Û\Ë8É�ÈÊÈ�ÏÀë Û-ÎMÐ+Ñsà Ì¶ÏÀÌ¶Ð+Ñ«É�È�éqÐ+éqÛMÑ�ÏÀË
Ð�í�ÏÀë Û`4½ì�Ó_å�æ-Ç§ç #<;�Ù ;(*�ì�#^;�Ù F+*uÉ�Ë-Ë�ë Ð=�rÑ�ã�ÜaÒ

� g�g . O � � �R� . O � � � g . O � � g�g . O � � � . O � g � . O � � � � � . O � � �R� . O � � g . O � g � . O �
Ô=D



�rësÌ¶Î|ë éêÉdÜ:Û� .�sÈµÉJÌÊÑ:ÏÀësÛ$ß�Û\ÈµÉJÏ�Ì��+Û\È¶Ü#ë ÌÊè+ësÛ\ßE�aÐ-�jÛMß�Ì¶Ñ à Û\ÏÀÛ\Î\Ï�ÌÊÑsèXÎ|ë«É�Ñsè+Û9�aÐ�ÌÊÑ�ÏÀË
�rësÐ�Ë�ÛQË�Ð+âsß�ÎMÛ�ÌÊË � �R� . ODS� �+Û\ßÀÉ�È¶ÈTÏÀësÛhË�ÌÊé&â ÈµÉJÏ�ÌÊÐ+Ñ�Û� �ÎMÛ\ß�ÎMÌ¶Ë�ÛRíGÐ�Î\âsË�Û\Ë�Ð+Ñ�Ë�Ì¶Ñsè+ÈÊÛ	ãsß�ÛMÉ�ä�ËQÌ¶Ñ�å�æ-Ç§ç-ì�ÏeÜT�¥Û
�sß�Ð�Î\ÎMÛ\Ë�Ë�Û\ËqíGÐ�ß`�rësÌÊÎ|ë#Ï�ësÛ0Ú��QÆ É�Ñsà � �?A ÏÀÛ\Ë�ÏÀËRë«É&��Û$è�Ð�Ð�à]�¥Ð=�jÛMßE�sß�Ð(�¥ÛMß�Ï�ÌÊÛ\ËMÙ
Å  �ÏÀÛ\ÑsË�Ì¶Ð+ÑsË½Ð�í�ÏÀë Û�Ë�ÌÊé	âsÈµÉJÏ�ÌÊÐ+Ñ Û� .�¥ÛMß�ÌÊéqÛMÑ�Ï0ÎdÉ�Ñ]Ì¶ÑsÎMÈ¶âsàsÛ�é	âsÈ¶Ï�ÌJ�sÈ¶Û�ãsß�ÛdÉ�ä�Ë0É�Ñ à
È¶Ð+ÑsèhéqÛMéqÐ+ß�Ü�àsÛ��¥ÛMÑsà ÛMÑ�Ï�Ë�ÛMß�ÌÊÛMË\Ù

� � � ���&�c�&�&�� � ��� 
 �� �

A-ësÛ\ß�Û&Ì¶Ë�É��sÈ¶Û\Ï�ësÐ+ßÀÉqÐ�í8ÛMé��sÌ¶ß�ÌÊÎMÉ�È�ÛB��ÌÊà ÛMÑsÎ\Û&ÏÀë«ÉJÏ�ÏÀësÛ	Ë�î�â«É�ß�ÛMà*É�Ë�Ë�Û\Ï�ß�Û\Ï�âsß�ÑsË�Ë�Û~ì
ß�ÌÊÛMËQÉ�ß�ÛRÎ|ë«É�ßÀÉJÎ\ÏÀÛ\ß�Ì�OMÛMàÞã�Ü*à�Ü�ÑsÉ�éêÌ¶ÎRësÛ\Ï�ÛMß�Ð�Ë�ä�Û\à«É�Ë�ÏÀÌÊÎ\Ì¶ÏeÜQ#[ÛJÙ�è Ù�6uÐ+È¶ÈÊÛ\ß�Ë�È¶ÛB�;Û\Ï	É�ÈZÙ Ö
Ô-%�%�Fa*§É�Ñsà0ÏÀë Û�ÉJãsË�Ð+È¶â ÏÀÛ_ß�Û\Ï�âsß�ÑsËU�sß�Ð�Î\ÛMË�ËríGÛdÉUÏÀâsß�ÛMË»ÈÊÐ+ÑsèUìeßÀÉJÑsè+Û�àsÛB�aÛ\ÑsàsÛ\ÑsÎMÛ�#[Û�Ù¸èsÙ
Ó_ßÀÉ�Ñ è+ÛMß�É�Ñsàb"�Ì¶ÑsèsÖ�Ô-%(%()(*~Ù�Å=é��sÌÊß�ÌÊÎMÉ�ÈHË�Ï�âsàsÌÊÛ\Ë�ß�Û\ÎMÐ+è�ÑsÌJO\Û	ÏÀë«ÉUÏ�ÏÀë Û	Û� �Ì¶Ë�ÏÀÛ\ÑsÎMÛhÐJí
ãsß�ÛdÉ�ä�ËmÐ+ßmß�ÛMè+Ì¶éêÛ8Î|ë«ÉJÑsè+ÛMËTÌÊÑ�Í«Ñ«É�ÑsÎ\ÌµÉ�È�éêÉ�ß�äJÛ\Ï�ËTÉ � ÛMÎ~ÏÀË��+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ¶ÏeÜ�É�Ñsà�ÈÊÐ+ÑsèUìeßÀÉJÑsè+Û
àsÛB�aÛ\ÑsàsÛ\ÑsÎMÛêÌÊÑ*Ë�Ï�Ð�Î|ä�ß�Û\ÏÀâ ß�ÑsË:#[ÛJÙ�èsÙêÆ�É�éqÐ+âsß�Û! ¿É�ÑsàXÆ�É�Ë�Ï�ßÀÉ��¥ÛMË\ÖjÔ&%(%+Õ Ö�4�Ì¶ä�Ð+Ë�Î|ë
É�Ñ à;á�Ï|É�ß�ÌÊÎdÉ�ÖbÔ-%(%(%�Ö´Ó�ß�É�Ñsè+Û\ßrÉ�Ñsà�ç»Ü�âsÑsè ÖHÔ-%(%(% ÖS"�ÌÊÛMã¥Ð+È¶à½É�Ñsàd�eÐ+âsÑsÛJÖ ;�Õ+Õ Ô-*~Ù

A-ësÛ§Û\éZ� ÌÊß�Ì¶ÎdÉ�È�ÉJÑ«É�È¶Ü�Ë�ÌÊË?ÉJÌÊéqË�Ï�Ð�ÎMÐ�éZ�sÈ¶ÛMéqÛMÑ�Ï�ÏÀësÛjË�ÌÊé	âsÈµÉJÏ�ÌÊÐ+ÑQÛB��Ì¶àsÛMÑsÎ\Û§ÌÊÑQÏÀësÛ
íGÐ+È¶ÈÊÐ-�rÌÊÑ è$à ÌÊß�Û\Î\Ï�ÌÊÐ+ÑsË\Ù$ÝXÛ Û! sÉJéêÌ¶ÑsÛqÏ�ësÛ�Î|ësÉ�Ñsè+Û�ì��¥Ð+ÌÊÑ�Ï&ë�ÜT�¥Ð�ÏÀësÛ\Ë�Ì¶Ë&ÌÊÑ �+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ¶ÏeÜ
à Ü�Ñ«ÉJéêÌ¶ÎMË�É�Ñsà�È¶Ð+ÑsèJì�ßÀÉ�Ñsè�Ûqà Û��¥ÛMÑsàsÛ\ÑsÎMÛ0Ð�í§ÌÊÑ�ÏÀÛ\ß�Ñ«ÉJÏ�ÌÊÐ+ÑsÉ�È=Ë�Ï�Ð�Î|ä¿é�ÉJß�ä�Û~Ï&Ì¶ÑsàsÌÊÎ\ÛMË
É�Ñ à V�� ß�Û~ÏÀâsß�ÑsËMÙ A-ësÛ0ÛMé��sÌ¶ß�ÌÊÎMÉ�Èc�aÛ\ß�íGÐ+ß�é�ÉJÑsÎMÛ ÐJí»Ï�ësÛ�Ï�ÛMË�Ï�ËMÖwàsÌÊË�ÎMâsË�Ë�Û\à Ì¶ÑÞÏÀësÛ
�sß�ÛB��ÌÊÐ�âsË?Ë�Û\Î\Ï�ÌÊÐ+ÑsË\Ö�ÌÊËmÛB�JÉ�ÈÊâsÉJÏÀÛ\à&ã�Ü&Û�  É�éqÌÊÑ ÌÊÑsèrÏÀësÛ-ß�ÛMÈÊÉJÏÀÌ¶Ð+Ñ�ÐJí«ÏÀësÛ-Î|ë«ÉJÑsè+Û~ìm�aÐ�ÌÊÑ�ÏÀË
Ï�Ð�ÛMÎ\Ð+ÑsÐ+éqÌÊÎ§Û��+Û\Ñ�Ï�Ë8àsÛ\Ï�ÛMÎ\Ï�ÛMàqÑsÐ�Ï=Ð�ÑsÈ¶ÜQÌÊÑ�ÏÀësÛ-Ë�î�âsÉ�ß�Û\àêÉJÑsàRÉ�ãsË�Ð+ÈÊâ Ï�Û§ß�Û~ÏÀâsß�ÑsË=ãsâ Ï
É�È¶Ë�Ð Ï�Ð;É í[É�éqÌÊÈ Ü�ÐJíuà«ÉUÏ|ÉUì�àsß�Ìf�+ÛMÑ���Ð+ÈµÉJÏ�ÌÊÈ¶Ì¶ÏeÜ0Í«È¶Ï�ÛMß�ËMÙ�4�Ð+ß�ÛMÐ-�+Û\ßMÖ��uÛRÛMË�ÏÀÌ¶é�ÉJÏ�Û&ÏÀësÛ
��Ð+ÈµÉJÏ�ÌÊÈ¶Ì¶ÏeÜ½ÉJÑsà;È¶Ð+ÑsèJì�ßÀÉ�Ñsè�ÛQà Û��¥ÛMÑsàsÛ\ÑsÎMÛhÌ¶Ñ;Ë�âsãsËÀÉJéZ�sÈ¶ÛX� ß�ÌÊÐ�ß�É�Ñ àK�¥Ð+Ë�Ï�ãsß�ÛMÉ�ä�Ë�ÌÊÑ
É�Ñ�ÉJÏ�ÏÀÛMé�� Ï-Ï�ÐE��ÛMß�Ì¶íºÜ½Î|ë«ÉJÑsè+ÛMË�ÌÊÑ½ÏÀë ÛQà Û��¥ÛMÑsàsÛ\ÑsÎMÛ�Ð�íTÏ�ësÛ�Ë�Û\ß�ÌÊÛ\ËMÙ�A-ësÛ�ÛMé��sÌÊß�ÌÊÎMÉ�È
É�ÑsÉ�È¶Ü�Ë�Ì¶ËwÉ�ÈÊË�Ð�Û! �Ï�ÛMÑsà ËuÏÀësÛ»Ë�Ì¶é&âsÈÊÉJÏÀÌ¶Ð+Ñhß�Û\Ë�âsÈ ÏÀË8ÏÀÐ�ÏÀÛMË�ÏÀËwíGÐ+ßjé	âsÈ¶Ï�ÌJ�sÈ¶Û§ãsß�ÛMÉ�ä�ËuâsË�ÌÊÑsè
Ï�ësÛ�Æ�É&��ÌÊÛMÈ¶ÈÊÛ�É�Ñsà	4$Ð+âsÈÊÌ¶ÑsÛMË8ÏÀÛ\Ë�ÏrÉJË �jÛMÈÊÈaÉ�Ë-É/�S�sÈ¶Ü�Ì¶ÑsèQÏ�ësÛ8��Ç-ásá ÉJÈÊè+Ð+ß�Ì¶Ï�ësé ÏÀÐQÏÀësÛ
Ú_Ð+äJÐ+ËPO\äJÉ*É�Ñ à ÆHÛ\ÌJ�sâsË&Ï�ÛMË�Ï3#GësÛMÑ ÎMÛ\íGÐ�ß�ÏÀë Ú���Æ�É�Ñ àQ4 �QÆ=Ö?ß�ÛMËL�aÛ\Î\ÏÀÌf�+Û\È¶Ül*~Ù A-ësÛ
É�ÑsÉ�È¶Ü�Ë�Ì¶Ë8É�ÈÊË�Ð�É�àsàsß�ÛMË�Ë�ÛMËjÎ|ë«É�Ñsè�Û~ì��¥Ð+Ì¶Ñ�Ï�Ë8ÌÊÑ&ÏÀë Û»Î\Ð+éqÐ=��ÛMéqÛMÑ�ÏÀËwã¥Û\Ï��jÛMÛMÑêÏÀësÛréêÉ=��Ð+ß
Ë�ÏÀÐ�Î|ä�éêÉ�ß�äJÛ\Ï-Ì¶ÑsàsÌÊÎ\ÛMËjÌÊÑ:��ÌÊÛ�� ÐJíHÏÀësÛ_è+È¶Ð+ã«É�È´Î|ë«ÉJßÀÉ�Î~ÏÀÛMß-ÐJí�Ë�âsÎ|ë$é�ÉJß�ä�Û~ÏÀË-ÉJÑsà ÏÀësÛ
Ì¶éZ�¥Ð+ß�ÏÀÉ�ÑsÎ\Û�Ð�í�ÏÀësÛ_ÏÀß�É�ÑsË�éêÌ¶Ë�Ë�Ì¶Ð+Ñ½Ð�í�Í«Ñ«É�Ñ ÎMÌµÉJÈHÎMß�Ì¶Ë�Û\ËMÙ

A-ësÛ Û\éZ� ÌÊß�Ì¶ÎdÉ�È8ÉJÑ«É�È¶Ü�Ë�ÌÊË	Ì¶ËX�¥ÛMß�íGÐ+ß�éqÛMàÞâsË�Ì¶Ñsè�à«ÉJÏÀÉ$íGß�Ð+é ÏÀësÛ Ë�ÏÀÐ�Î|äÞÉJÑsà V��
éêÉ�ß�äJÛ\Ï�ËMÙWA-ësÛ	íGÐ+â ß�Ì¶Ñ�Ï�ÛMß�Ñ«ÉJÏÀÌ¶Ð+Ñ«É�ÈHË�ÏÀÐ�Î|ä0é�É�ß�ä�Û~Ï�ß�Û~ÏÀâsß�ÑsË�Ì¶ÑsàsÌ¶ÎMÛMË\Ö¥Ï�ësÛXVTÌÊÑ«ÉJÑsÎMÌÊÉ�È
A-Ì¶éêÛ\Ë�á�ÏÀÐ�Î|ä�Å  �Î|ë«É�Ñsè�Û$ÔdÕ+Õ ÌÊÑsà Û� R# V A»á Å�*~ÖaÏÀësÛRç�É�ÑsèJì�á�ÛMÑsè	�eÑsà Û� $#[ç�á.� *�ÖCÏÀësÛ
�»ÌÊä�ä�Û\Ì«×�Õ+Õ»ÌÊÑsà Û� @# �7��Ú�Ú�Å�� *TÉ�Ñsà�ÏÀësÛrá�Ï|É�ÑsàsÉ�ß�àhÉJÑsà GmÐ�Ð+ß�Ë8×�Õ+Õ»ÌÊÑsàsÛ! 	#5á �zGw×�Õ+Õ+*
É�ß�ÛjË�ÏÀâsà ÌÊÛMà	Ð=��ÛMßTÏ�ësÛN�¥ÛMß�ÌÊÐ�àXF���Ô���Ô-%�'(%-ìTÔ-%���Ô`Õ��(;�Õ�Õ ÔwÉJÏ?à«ÉJÌÊÈ¶Ü�íGß�ÛMî�âsÛ\ÑsÎ\Ü@#[Ë�É�éZ� ÈÊÛ
Ë�ÌJOMÛJÖ J ��Ø+Ø+Ø('+*�Ù A-ësÛ»à«ÉJÏÀÉQË�Ð+âsß�ÎMÛ»ÌÊË�"_ÉJÏ|ÉJË�ÏÀß�ÛdÉ�é$Ù A-ë Û�Î|ësÐ�ÌÊÎMÛrÐ�íaÏÀësÛ»ËÀÉJéZ�sÈ¶Û-ÌÊË
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ã«ÉJË�ÛMà�Ð+ÑêÏ�ësÛ�ß�ÛMÎMÛ\Ñ�Ï-Û� .�¥ÛMß�Ì¶ÛMÑsÎ\Û�Ð�íCÏÀësÛ�å�Ë�ÌÊÉ�Ñ ÉJÑsà ærâsË�Ë�ÌµÉ�ÑqÍ«Ñ«É�Ñ ÎMÌµÉJÈ¥Î\ß�Ì¶Ë�ÛMË\Ù?ÝÞÛ
É�È¶Ë�Ð_Ë�ÏÀâsà ÜhÏ�ësÛ �wÛMÑ ��ÌÊË�ì��ÉUì<��Ì¶Ë?ÏÀësÛWY�áRà Ð+ÈÊÈÊÉ�ßTß�Û\ÏÀâ ß�ÑsËwÐ-�+ÛMß=Ï�ësÛW�aÛ\ß�ÌÊÐ�à½Ô���Ô-; ��Ô-%('�)Uì
Ø+Õ ��Ô+Ô���Ô&%(%() ÉJÏ�×`ìeéqÌÊÑ�â ÏÀÛ	ËÀÉ�é��sÈÊÌ¶Ñsè�íGß�ÛMî�âsÛMÑ Î\Ü+Ù�A-ësÛRà«ÉJÏÀÉ½Ë�Ð+âsß�ÎMÛRÌÊË � È¶Ë�ÛMÑ¿É�Ñ à
å�Ë�Ë�Ð�ÎMÌÊÉJÏÀÛ\ËMÙ�A-ësÛ�Ð+ß�ÌÊè+Ì¶Ñ«É�È´ËÀÉJéZ�sÈ¶Û�ÌÊË�Ô+Ö£Õ+×(;�Ö�Õ()�F&ÍS��Û~ìeéqÌÊÑ�â Ï�Û�ß�Û~ÏÀâsß�Ñ�Ð�ãsË�Û\ßL�JÉJÏÀÌ¶Ð+ÑsË
#^;�)�×�Ø à«ÉdÜ�Ë ��;�'(' ÍS��Û~ì�éêÌ¶Ñ�â�ÏÀÛhÌÊÑ�Ï�ÛMßL�JÉ�È¶Ë8�¥ÛMß_à«ÉdÜl*~Ù1A-ë Ûqß�Û\Ï�âsß�ÑsË_íGÐ+ß_Ë�Ð+éqÛ&à«ÉdÜ�Ë
�jÛMß�Ûjß�ÛMéqÐ=��ÛMà�íGß�Ð+é ÏÀësÛ8Ë�É�éZ� ÈÊÛTÏ�Ð�É&��Ð+ÌÊàQë«É&��ÌÊÑsèrß�Û\è+âsÈÊÉ�ßHÉ�Ñsài�sß�ÛMàsÌ¶Î\Ï|ÉJãsÈÊÛ=éêÉ�ß�äJÛ\Ï
Î\ÈÊÐ+Ë�âsß�Û\ËN�rësÌÊÎ|ë0É � Û\Î\Ï§Ï�ësÛ�Î|ë«É�ß�É�Î\Ï�ÛMß�ÌJOdÉUÏÀÌÊÐ�Ñ�Ð�íHÏ�ësÛ0�+Ð�ÈµÉJÏ�ÌÊÈÊÌ ÏeÜhà Ü�Ñ«É�éqÌÊÎ\ËMÙ�V«Ð+ßwÏÀësÛ
àsÛ\Ë�Î\ß�ÌJ��ÏÀÌÊÐ�Ñ¿ÐJíuÏÀë Ûêà«ÉUÏ|É½ß�Û\éêÐ-�+Û\àÞß�Û\íGÛMß�ÏÀÐ0å�ÑsàsÛMß�Ë�Û\Ñ�Û\Ï	É�ÈZÙd#^;�Õ+Õ Ô-*~ÙEA-ësÛRÍ«Ñ«É�È
Ë�É�éZ� ÈÊÛ�ÌÊÑ ÎMÈÊâ àsÛMË9D�Õ�×�Ö£Õ+;�F:Íl�+Û~ì�éêÌ¶Ñ�â ÏÀÛ¿ß�Û~ÏÀâsß�ÑsË�ß�ÛB�«Û\Î\Ï�ÌÊÑsè J � ;/F�F+':Ï�ßÀÉ�à ÌÊÑsè
à«ÉdÜ�ËMÙ

A-ësÛ_Û\éZ�sÌ¶ß�Ì¶ÎdÉ�ÈaÉ�Ñ«É�È Ü�Ë�ÌÊËjÎMÐ+éqéqÛMÑsÎ\ÛMË �rÌ¶Ï�ë½ÌÊÑ+�+Û\Ë�Ï�ÌÊè�ÉJÏ�ÌÊÑsè�ÏÀësÛ_ë�ÜT�aÐJÏÀësÛ\Ë�ÌÊË-ÐJíTÉ
Ë�ÌÊÑsè+È¶Ûêã ß�ÛdÉJäXÌ¶ÑÞÏÀësÛêíGÐ+âsß	Ì¶Ñ�ÏÀÛMß�Ñ«ÉJÏ�ÌÊÐ+Ñ«ÉJÈwË�ÏÀÐ�Î|äÞéêÉ�ß�äJÛ\Ï	ÌÊÑsàsÌ¶ÎMÛ\ËMÙ3A-ësÛ�ß�ÛMË�âsÈ¶Ï�Ë&ÌÊÑ
AmÉ�ãsÈ¶Û:)d�sß�Ð-��ÌÊàsÛqÛB��Ì¶àsÛMÑsÎ\Û�ÏÀësÉJÏ	Ñ ÛMÌ¶Ï�ësÛMß�ÏÀë Û Ú���Æ)ÑsÐ+ß�ÏÀësÛZ� �zA�Ï�ÛMË�ÏÀË	Ë�âS�S�¥Ð+ß�Ï
Ï�ësÛ_Ñ�âsÈÊÈaë�ÜT�¥Ð�ÏÀë ÛMË�Ì¶Ë-Ð�í�ësÐ+éqÐ+è+Û\ÑsÛMÌ ÏeÜ�Ì¶Ñ ÏÀësÛ�É�ã Ë�Ð+È¶â ÏÀÛ�Ð�ß§Ë�î�â«É�ß�ÛMà$ß�Û~ÏÀâsß�ÑsË-Ð�í�ÏÀësÛ
Ë�ÏÀÐ�Î|ä�éêÉ�ß�äJÛ\Ï�ÌÊÑsà ÌÊÎMÛ\Ë�Ð-�+Û\ß�ÏÀë Û	ËÀÉJéZ�sÈ¶ÛêÔ&%('(%Uì ;�Õ+Õ Ô+ÙA-ë ÛMË�Û	ß�ÛMË�âsÈ¶Ï�Ë�ësÐ+È¶à�íGÐ+ßrÏ��jÐ
É�È ÏÀÛ\ß�Ñ«ÉJÏ�Ì���Û½ÑsÐ+ÑS�«ÉJßÀÉ�éqÛ\Ï�ß�ÌÊÎ½Û\Ë�Ï�ÌÊéêÉJÏÀÐ+ß�ËhÐ�í1#���O^*D��É�Ñ à � � O���âsË�Û\à íGÐ+ßhË�Ï|É�ÑsàsÉ�ß�àsÌ�O~ì
Ì¶Ñsè�Ï�ësÛ�éêÉ� <� �7#"�l*wË�ÏÀÉJÏÀÌ¶Ë�Ï�ÌÊÎ»àsÛ\Í«Ñ ÛMà½ÌÊÑêË�Û\Î\ÏÀÌ¶Ð+Ñb#�Ô+Ù¶Ô-*~ÒTÏ�ësÛ7nmå�æ»ç�å»Ç)ÛMË�ÏÀÌ¶é�ÉJÏ�Ð+ß
É�Ñ à$Ï�ësÛ ��Æmá½ÛMË�ÏÀÌ¶é�ÉJÏ�ÌÊÐ+Ñ0Ð�ímÏÀësÛQå�æ74�å1#�Ô+Ö Ô=*§Ð�í=Ë�î�âsÉ�ß�Û\à�É�Ñsà�É�ãsË�Ð+ÈÊâ Ï�Û�ß�Û\Ï�âsß�ÑsË
# V´ß�É�ÑsÎ\î;É�Ñ à [bÉ�ä�Ð+ÌÊÉ�ÑbÖ ;�Õ+Õ+Õ�ã_*~Ù?A-ësÛhß�ÛMË�â È¶ÏÀË�ësÐ+ÈÊà9�rësÛ\Ï�ësÛMß?�jÛhâsË�Û&Ï�ësÛhÉ�Ë�Ü�é���ì
Ï�Ð�ÏÀÌ¶Î;ÎMß�Ì¶Ï�ÌÊÎdÉJÈU�JÉ�È¶âsÛ;Ð+ßêÏÀësÛ�Ë�ÌÊé&âsÈÊÉJÏÀÛ\à Î\ß�Ì¶Ï�ÌÊÎMÉ�ÈU�JÉ�È¶âsÛMË�ÌÊÑ AmÉ�ãsÈÊÛXÔ+Ù A-ësÛ�ÏÀÛ\Ë�Ï�Ë
àsÛ~ÏÀÛ\Î\Ï»É&Î|ë«É�Ñ è+Û~ìm�aÐ+Ì¶Ñ�Ï-ÌÊÑ Ï�ësÛ8�+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ ÏeÜqÉ�Ñsà½ÈÊÐ�ÑsèJìeß�É�Ñsè+Û�àsÛ��¥ÛMÑ àsÛMÑsÎ\Û�ÐJímß�Û\Ï�âsß�ÑsË
É�Ë�É��S� ß�Ð& �ÌÊéêÉJÏÀÛ\à�ã�Ü0ÏÀësÛQË�î�â«ÉJß�ÛMà*ÉJÑsà�É�ã Ë�Ð+È¶â ÏÀÛQß�Û~ÏÀâsß�ÑsË�Ï�ßÀÉ�ÑsË�íGÐ+ß�éêÉJÏ�ÌÊÐ+ÑsË\ÙNA-ësÛ
Ð-�+Û\ßÀÉ�È¶È>�sÌÊÎ~ÏÀâsß�Û�Ð�íbÏ�ësÛ�íGÐ�âsßuË�ÏÀÐ�Î|äqéêÉ�ß�ä�Û\Ïuß�Û~ÏÀâsß�ÑsËuË�ÛMß�Ì¶ÛMË§àsÉJÏÀÛ\ËjÏÀë Û�Î|ë«É�Ñ è+Û0�¥Ð+ÌÊÑ�Ï
Ì¶Ñ�Ô-%(%+D&É�Ñ à$Ì¶Ñ	�«É�ß�Ï�ÌÊÎ\âsÈµÉ�ßjÌÊÑ Ï�ësÛ�Ë�âséqéêÛ\ß-éêÐ�Ñ�Ï�ësË-Ð�íwÔ-%(%(D&íGÐ�ßuÏÀësÛiV A»á�ÅrÖsç�Ú?�
É�Ñ à �7��Ú�Ú�Å��|ÙlA-ësÛ�ËÀÉ�éqÛ»Î|ë«É�Ñsè+Û�ì��¥Ð+ÌÊÑ�Ïuà«ÉJÏÀÛ\Ë§É�ß�Û�ÉJÈÊË�Ð�Ë�âS�l�aÐ+ß�ÏÀÛ\à ã�ÜêÏ�ësÛ0�eÑsÎ\ÈµÉ�Ñ
É�Ñ àdA-ÌÊÉ�Ð	# � �zAU*uÏ�ÛMË�ÏMÙcY�Ë�ÌÊÑsèhÏÀë Û_Ë�ÌÊé	âsÈµÉJÏ�ÌÊÐ+ÑêÛB��ÌÊà ÛMÑsÎ\ÛQÌ¶Ñ@ATÉJãsÈÊÛ�Ø`�jÛ�ÑsÐ�ÏÀÛ�Ï�ë«ÉJÏ
íGÐ+ßjÈµÉ�ß�è+Û�Ë�É�é��sÈÊÛ�Ë�ÌJO\ÛMË J Ï�ësÛ8� �?A]ÏÀÛ\Ë�Ï§íGÐ+ß � ��O���ÌÊËN�jÛMÈ¶È ì�ãaÛ\ë«É&�+ÛMà½Ì¶Ñ�ÏÀÛ\ß�éqË§Ð�í�Ë�ÌJOMÛ
É�Ñ à9�¥Ð-�uÛ\ß�ÉJÑsà�Ì¶Ë-ÑsÐ�Ï»àsÌ¶Ë�ÏÀÐ�ß�ÏÀÛ\à�ã�Ü½Ð�â ÏÀÈ¶ÌÊÛMß�ËMÙ���Ï»ÌÊË-Ì¶Ñ�ÏÀÛMß�ÛMË�ÏÀÌÊÑ èRÏ�ÐêÑ Ð�ÏÀÛ_ÏÀësÉJÏ-ÏÀësÛ
Û! �Ï�ÛMÑ�ÏÀÌ¶Ð+Ñ½Ð�íHÏ�ësÛ8� �?ANË�Ï|ÉUÏÀÌÊË�ÏÀÌ¶Î�ã�Ü Ú_Ì¶é Û~ÏrÉ�È5ÙW#<;�Õ�Õ+Õ+*U#5É�È¶Ë�Ð&ß�Û��¥Ð+ß�Ï�ÛMà½ÌÊÑ:ATÉ�ã ÈÊÛ8)
É�Ë � �0# F *L*wàsÐ�ÛMËuÑsÐ�Ï-àsÛ~ÏÀÛ\Î\Ï»É�Ñ�ÜêÎ|ë«É�Ñsè+Û�ì��¥Ð+ÌÊÑ�Ï�ËMÙ � ÑsÛ8�¥Ð+Ë�Ë�ÌÊãsÈ¶Û�Û! l� ÈµÉ�Ñ«ÉUÏÀÌÊÐ�Ñ�ÎdÉJÑ
ã¥ÛjÏ�ësÛ �¥Ð�Ð+ß��¥Ð=�jÛMß��¥ÛMß�íGÐ+ß�éêÉ�ÑsÎ\ÛuÐ�í ÏÀësÛuÏ�ÛMË�Ï=ÌÊÑ	Ï�ësÛN� ß�ÛMË�ÛMÑsÎ\ÛrÐ�í´ësÌÊè�ësÈ¶Üz�¥ÛMß�Ë�ÌÊË�ÏÀÛ\Ñ�Ï
Ó_å�æ-Ç§ç �sß�Ð�Î\ÛMË�Ë�ÛMË�É�Ë»àsÐ�ÎMâséqÛMÑ�Ï�ÛMà�Ì¶Ñ�Ú_ÌÊé Û~Ï�É�È5ÙrÉ�Ñsà;É�Ë�Ì¶Ë�Ë�âS�S�¥Ð+ß�Ï�ÛMà�ã�Ü0ÏÀësÛ
Û\Ë�ÏÀÌ¶é�ÉUÏÀÌÊÐ�Ñ Ð�í?Ó�å�æ-Ç§ç.éêÐ�àsÛMÈ¶Ë§íGÐ+ß§ÏÀë Û�íGÐ�âsß-Ë�Ï�Ð�Î|ä éêÉ�ß�ä�Û\Ï»Ì¶ÑsàsÌÊÎ\ÛMË\Ù
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Ì¶Ñ9AmÉ�ãsÈ¶Û`)qß�Û\íGÛ\ß�Ï�ÐêÏÀë Û�å�Ë�ÌµÉJÑ;ÎMß�ÌÊË�ÌÊËU�aÛ\ß�ÌÊÐ�àbÙ-ç»Ð-�uÛ��+ÛMß�Ï�ësÛQË�ÌÊÑ è+ÈÊÛ�Î|ë«É�Ñ è+Û`�¥Ð+ÌÊÑ�Ï
ë�ÜT�aÐJÏÀësÛ\Ë�ÌÊË_ÎMÉ�Ñ*é�ÉJË�ä0ÏÀësÛ&Û! �ÌÊË�Ï�ÛMÑsÎ\ÛRÐ�íwé&âsÈ¶Ï�ÌJ�sÈ¶Û�ã ß�ÛdÉJä�Ë8�rë ÌÊÎ|ë*ÌÊé��sÈÊÌ¶ÛMË-ÏÀësÉJÏ_ÌÊÑ
à«ÉUÏÀÌÊÑ è;Î|ë«É�Ñ è+Û~ìm�aÐ+Ì¶Ñ�ÏÀË&Ì Ï	Ì¶Ë&É�àl��Ì¶ËÀÉ�ãsÈ¶ÛêÏ�Ð;íGÐ+ÈÊÈ¶Ð-� É;é&âsÈ ÏÀÌ��sÈÊÛRãsß�ÛdÉ�ä�Ë �sß�Ð�Î\ÛMàsâsß�Û�Ù
V«Ð+ßbÏ�ësÌÊË �sâ ßP�¥Ð+Ë�Ûc�eÑsÎ\ÈµÉ�Ñ�É�ÑsàzA-ÌµÉJÐ`#�Ô-%(%�F+* �sß�Ð��aÐ+Ë�Û=ÏÀësÛc��Ç-ásáQÉ�ÈÊè+Ð�ß�Ì¶Ï�ësé �rësÌÊÎ|ëi�uÛ
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É��l�sÈ¶Ü�Ï�Ð»Ï�ësÛjÚ�Ð�ä�Ð+ËLOMäUÉ�É�Ñ à	ÆHÛMÌ��sâsË�ÏÀÛ\Ë�ÏdÙ A-ësÛué	âsÈ¶Ï�ÌJ�sÈ¶ÛTÎ|ë«É�Ñ è+Û~ìm�aÐ+Ì¶Ñ�Ïmë�ÜT�¥Ð�ÏÀësÛ\Ë�Ì¶Ë
Ì¶ËuÉ�È¶Ë�ÐQÛ�  É�éqÌÊÑsÛ\àêíGÐ+È¶ÈÊÐ-�rÌÊÑ è�ÏÀësÛ�É��S�sß�Ð�É�Î|ë Ì¶Ñ�4�Ð�âsÈÊÌ¶ÑsÛMËjÉ�Ñsà½Æ�É&��ÌÊÛ\ÈÊÈÊÛi#^;�Õ+Õ+Õ(*wÉ�È¶Ë�Ð
àsÌ¶Ë�Î\âsË�Ë�ÛMà:ÌÊÑXË�ÛMÎ~ÏÀÌ¶Ð+Ñ]Ô+Ù ;�ÙKA-ësÛ�ß�ÛMË�âsÈ¶Ï�Ë&Ð�í-Ï�ësÛMË�Û�Ï��uÐ�Ï�ÛMË�ÏÀËRÉ�ß�Û�Ë�â éêéêÉ�ß�Ì�OMÛ\àÞÌÊÑ
AmÉ�ãsÈ¶Û�D�Ù �eÑ¿Ï�ësÛZ4 ��Æ ÏÀÛ\Ë�Ïz�jÛ�É�à Ð(� Ï_Ï��jÐ9�¥ÛMÑ«ÉJÈ¶ÏeÜ�íGâsÑ Î\ÏÀÌ¶Ð+Ñ*ÎMß�Ì¶ÏÀÛ\ß�ÌÊÉ ÖCÏÀë ÛRÍsß�Ë�Ï
Ì¶Ë»Ï�ësÛ 6§ÉdÜ+Û\Ë�ÌÊÉ�Ñ3�eÑ íGÐ+ß�é�ÉUÏÀÌÊÐ�Ñ�á�Û~Ï�#^6 ��Ç*�É�Ñsà�ÏÀësÛ&Ë�ÛMÎ\Ð+Ñsà�ÌÊË�É�éqÐ�à Ì¶Í«Û\à36N��Ç É�Ë
�sß�Ð(�¥Ð+Ë�Û\à¿Ì¶Ñ�ÆHÌÊâ�Û~Ï�É�ÈZÙZ#�Ô-%(%()+*X#[àsÛ\ÑsÐ�Ï�ÛMà*ã�Ü*Æ�Ýk[�ÌÊÑ3AmÉ�ãsÈ¶ÛED(*�É�Ñ àb�jÛhË�Û~Ï_ÏÀësÛ
Ñ�âsé&ã¥ÛMß�Ð�íwË�ÛMè+éqÛMÑ�ÏÀË01 � ÛMî�â«ÉJÈ?ÏÀÐ$Ø0É�ÑsàÞ×�Ù1A-ësÛRÛMé��sÌ¶ß�ÌÊÎMÉ�ÈmÍsÑsàsÌÊÑ è+Ë_Ë�ësÐ-��Ï�ë«ÉJÏ
Ì¶ß�ß�Û\ËP�¥ÛMÎ~ÏÀÌ���Û0Ð�í�Ï�ësÛ½Î|ësÐ+Ì¶ÎMÛ0Ð�í<1 � ÏÀësÛ94�Ð�âsÈÊÌ¶ÑsÛMËRÉ�Ñ à Æ�É&��ÌÊÛ\ÈÊÈÊÛêÏÀÛMË�ÏqÎMÐ+ÑsË�ÌÊË�ÏÀÛMÑ�Ï�È¶Ü
àsÛ~ÏÀÛ\Î\ÏÀËwÏÀësÛ�ËÀÉ�éqÛrÑ�âsé&ã¥ÛMßuÐJíbãsß�ÛdÉ�ä�ËMÖ�Û� �ÎMÛB� ÏN�rë ÛMÑ½É��l�sÈÊÌ¶ÛMàRÏÀÐ�Ï�ësÛ � ��O��JâsË�ÌÊÑsè�ÏÀësÛ
6N��Ç$�rë ÌÊÎ|ë½Ë�Û\ÛMéqËuÏÀÐ�ÛMË�ÏÀÌÊéêÉJÏ�Û�É�Ñ�ÌÊÑsÎ\ß�ÛdÉJË�ÌÊÑ è	Ñ�âsé&ã¥ÛMßjÐ�í�ãsß�ÛMÉ�ä�Ë-É�Ë�1 � ÌÊÑ ÎMß�ÛMÉ�Ë�Û\ËMÙ�eÑ�ÏÀësÛ=Ï�Ð(�X�sÉ�ÑsÛMÈ�ÐJíSAmÉ�ãsÈÊÛ�D �jÛjß�Û��¥Ð+ß�ÏHÏ�ësÛ 4 ��ÆêÏÀÛ\Ë�Ïmß�ÛMË�âsÈ¶Ï�ËMÙ A-ësÛ8Ð=��ÛMß�É�ÈÊÈ�ß�ÛMË�â È¶ÏÀË
Ë�ësÐ-� ÏÀësÉJÏ�ÏÀësÛhÎ\Ð+é&ãsÌ¶Ñ«ÉJÏÀÌ¶Ð+Ñ�Ð�íwÏÀësÛ�6N��Ç"É�Ñsà � � O��«ÏÀÛ\ÑsàsË�ÏÀÐ	�sß�Û\àsÌÊÎ~Ï_ÏÀësÛRÈÊÉ�ß�è+Û\Ë�Ï
Ñ�âsé&ã¥ÛMß	Ð�írãsß�ÛMÉ�ä�Ë1�rësÛMß�ÛdÉ�Ë&Ï�ësÛ��«ÉJÌÊß	ÐJí»Æ�Ýk[NÉJÑsà #�� O^* � ÏÀë Û Ë�éêÉ�ÈÊÈ¶ÛMË�Ï	Ñ�âsé&ã¥ÛMß
Ð�í�Î|ë«É�Ñ è+Û~ìm�aÐ+Ì¶Ñ�ÏÀËMÙ A-ë Û�å�Ë�ÌµÉJÑ Î\ß�Ì¶Ë�ÌÊË �¥ÛMß�ÌÊÐ�à É��S�¥ÛdÉ�ß�Ë&ÏÀÐ¿ãaÛ0É*ÎMÐ+éqéqÐ+Ñ#ãsß�ÛMÉ�ä
Ì¶Ñ$Ï�ësÛ&É�ã¥Ð-�+ÛQÎMÐ+é	ãsÌÊÑ«ÉUÏÀÌÊÐ�ÑsËX#[Ð�í�� ß�Ð�ÎMÛMË�Ë�Û\Ë_É�Ñsà�ÌÊÑ íGÐ+ß�é�ÉUÏÀÌÊÐ�Ñ½ÎMß�Ì ÏÀÛ\ß�ÌµÉ(*§É�Ñsà;Ì¶Ñ�É�È¶È
Ë�ÏÀÐ�Î|äÞéêÉ�ß�äJÛ\ÏhÌ¶ÑsàsÌÊÎ\ÛMË	Ï�ë«ÉJÏhÌ¶Ë&ß�Û��+ÛMÉ�ÈÊÛ\à Ì¶Ñ�àsÌ � Û\ß�ÛMÑ�ÏRéqÐ+Ñ�ÏÀësË	Ð�íQÔ-%(%+D�Ù��eÑ Ä�âsÈ Ü
É�Ñ à�å�â è+âsË�Ï�Ô-%(%+D8�jÛ�àsÛ\Ï�ÛMÎ~ÏuÏÀë Û�Í«ß�Ë�Ï§Î|ësÉ�Ñsè+Û�ì��¥Ð+ÌÊÑ�ÏÀËjÉ�Ë�Ë�Ð�ÎMÌµÉUÏÀÛMà��rÌ¶Ï�ëêÏÀë Û�å�Ë�ÌµÉ�Ñ
Î\ß�ÌÊË�ÌÊËrÌÊÑ½Ï�ësÛ`V A»á Å-ÖCç�á.�-É�Ñsà �7��Ú�Ú�Å��uíGÐ+È¶ÈÊÐ-�uÛ\à�ã�Ü½Ï�ësÛ � Î~ÏÀÐ+ã¥ÛMßQÔ-%(%+D&Î|ë«ÉJÑsè+Û~ì
�¥Ð+ÌÊÑ�Ï_Ì¶Ñ�ÏÀësÛêá �zGw×�Õ+Õ0É�Ë?�jÛMÈÊÈ8ÉJË�Ï�ësÛ �7��Ú�Ú�Å��|Ù g ��å Ë�ÛMÎ\Ð+ÑsàXÎMÐ+éqéêÐ�Ñ�ãsß�ÛMÉ�ä�ÌÊÑ
Ï�ësÛRË�ÏÀÐ�Î|ä�ÌÊÑ àsÌÊÎ\ÛMË�ÏÀësÉJÏQÌÊË_ß�Û��+ÛMÉ�ÈÊÛ\àÞÌÊÑ�Ï�ësÛqÆ �i4 �sß�Ð�ÎMÛ\àsâsß�ÛêÌ¶Ë�É�Ë�Ë�Ð�Î\ÌµÉJÏ�ÛMàb�rÌ¶ÏÀë
Ï�ësÛqæ»âsË�Ë�ÌÊÉ�ÑÞÎ\ß�ÌÊË�ÌÊË\Ù��eÑ�Ä�âsÈ¶Ü�Ô-%(%('��jÛêàsÛ~ÏÀÛ\Î\Ï�Î|ë«É�Ñsè+Û�ì��¥Ð+ÌÊÑ�Ï�Ë�Ì¶Ñ*Ï�ësÛZV A»á Å É�Ñ à
Ï�ësÛQá �zGw×�Õ+Õ&íGÐ+ÈÊÈ¶Ð-�uÛ\à½ã�Ü�ÏÀësÛ_å�âsè+âsË�Ï�Ô&%(%('&ãsß�ÛdÉ�ä Ì¶Ñ ÏÀësÛ �U��ÚQÚ�Å��|ÙSA-ësÛ�Ë�ÛMÎMÐ�Ñsà
�«ÉJÑsÛMÈ�Ð�ílATÉ�ã ÈÊÛ D»ß�Û��¥Ð+ß�Ï�Ë�Ï�ÛMË�ÏÀËmíGÐ�ß�é	âsÈ¶Ï�ÌJ�sÈ¶Û?ãsß�ÛMÉ�ä�Ë?É��l�sÈ¶Ü�ÌÊÑ èrÏ�ësÛ���Ç-ásá	É�È¶è+Ð+ß�Ì ÏÀësé
Ï�ÐêÏÀë Û&Ú_Ð+ä�Ð�ËPOMäUÉ½É�Ñ à�ÆHÛMÌJ� âsË�Ï�ÛMË�ÏMÙ�ÇuÐ�éZ�«ÉJß�ÌÊÑ èqÏ�ësÛ	ß�ÛMË�â È¶ÏÀË»íGß�Ð+é Ï�ësÛ�Ï��jÐ�ÏÀÛ\Ë�Ï�Ë
�jÛhÐ+ãsË�ÛMßL��ÛhÏÀë«ÉJÏ�ÏÀësÛhÈÊÉJÏ�Ï�ÛMß�Ï�ÛMË�Ï_àsÛ\Ï�ÛMÎ~ÏÀËQÉ ÈµÉ�ß�è+ÛMß�Ñ�âsé&ã¥ÛMß_Ð�í8ãsß�ÛdÉ�ä�Ë�ÛMËL�aÛ\ÎMÌÊÉ�ÈÊÈ Ü
�rësÛ\Ñ$É��S�sÈ¶ÌÊÛMàêÏÀÐ	Ï�ësÛ � � O��(�sß�Ð�Î\ÛMË�Ë\ÙcA-ësÛ�Ï��uÐRé&â È¶ÏÀÌ��sÈÊÛrÎ|ë«ÉJÑsè+Û~ìm�aÐ�ÌÊÑ�Ï§ÏÀÛ\Ë�Ï�Ë-àsÛ\Ï�ÛMÎ\Ï
Ë�Ð+éêÛ_Î\Ð+éqéêÐ+Ñ½ã ß�ÛdÉJä�Ë»ÌÊÑ½Ï�ësÛ�ËÀÉ�éqÛ�Ü+ÛMÉ�ß�éêÉ�Ì¶ÑsÈ¶ÜRÏÀësÉJÏ»Ð�íuÔ&%(%+D�Ù

Çuë«É�Ñ è+Û~ìm�aÐ+Ì¶Ñ�ÏÀËQÉ�ß�ÛêÉ�È¶Ë�Ð0àsÛ\Ï�ÛMÎ~ÏÀÛMàÞÌÊÑ*ÏÀësÛqÑsÐ+ÑsÈ¶ÌÊÑsÛMÉ�ß_ÎMÐ�éêÐ-�+Û\éêÛ\Ñ�ÏÀË	ã¥Û\Ï��jÛMÛ\Ñ
Ë�ÏÀÐ�Î|ä é�ÉJß�ä�Û~ÏrÌÊÑsà ÌÊÎMÛ\ËMÙ?ÝXÛQÉ�àsÐ(� Ï-Ï�ësÛ�ÎMß�Ð+Ë�Ë�ì��sß�Ð�àsâ Î\Ï»Ð�ímß�Û\Ï�âsß�Ñ ËríGÐ�ß�«É�ÌÊß�Ë§Ð�í�ÏÀësÛ
Ë�ÏÀÐ�Î|ä$éêÉ�ß�ä�Û\Ï�ËU�rë ÌÊÎ|ë�ÎMÉ�Ñ;ã¥Û�Î\Ð+ÑsË�ÌÊàsÛ\ß�ÛMà�É�Ë»Ï�ësÛQÎMß�Ð�Ë�Ë�ì�ÎMÐ-�JÉ�ß�ÌÊÉ�ÑsÎ\ÛMË�ÐJí8Éqè�ÛMÑsÛ\ßÀÉ�È
�JÉ�ß�ÌµÉ�ÑsÎ\Û~ì�ÎMÐ-�JÉ�ß�ÌÊÉ�ÑsÎMÛ�é�ÉUÏÀß�Ìh �ÌÊÑ�é&âsÈ ÏÀÌf��ÉJß�ÌµÉUÏÀÛz�+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ¶ÏeÜ éêÐ�àsÛMÈ¶Ë�Ë�â Î|ëÞÉ�Ë�Ï�ësÛ�40ì
Ó_å�æ-Ç§çQÙ A-ësÛ*Ë�Ì¶é&âsÈÊÉJÏÀÌ¶Ð+Ñ)ß�Û\Ë�âsÈ ÏÀË½Ì¶ÑHAmÉ�ãsÈ¶Û¿×ÞÌÊÑ]ÏÀë Û�ÎMÐ+Ñ�ÏÀÛ! �Ï;Ð�í	É�ãsÌf��ÉJß�ÌµÉUÏÀÛ
Ó_å�æ-Ç§ç �rÌ¶Ï�ëÞÎ\Ð+Ë�ÏÀÉ�Ñ�Ï&ÎMÐ�ß�ß�Û\ÈµÉJÏ�ÌÊÐ+Ñ*ÎMÉ�Ñ�ã¥ÛêâsË�ÛMàÞíGÐ�ß�Î\Ð+éZ�sÉ�ß�Ì¶Ë�Ð+ÑbÙ:A-ësÛ�ß�ÛMË�â È¶ÏÀË
Ì¶ÑRAmÉ�ãsÈ¶ÛMË�'¿É�Ñsà$%¿Ë�ësÐ-� ß�Ð+ã âsË�ÏqÛB��Ì¶àsÛMÑsÎ\Û�Ï�ë«ÉJÏqãsß�ÛMÉ�ä�ËêësÉ-��Û�Ð�ÎMÎ\âsß�ß�ÛMà ÌÊÑ#ÏÀësÛ
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Î\Ð+éêÐ-��ÛMéqÛMÑ�ÏÀËrã¥Û\Ï��jÛMÛMÑ0ÏÀë Û�íGÐ�âsß§ÌÊÑ�Ï�ÛMß�ÑsÉJÏÀÌ¶Ð+Ñ«É�È¥Ë�Ï�Ð�Î|ä éêÉ�ß�ä�Û\ÏrÌ¶ÑsàsÌ¶ÎMÛMËuÌÊÑ½å�â è+âsË�Ï
É�Ñ à � Î~ÏÀÐ+ã¥ÛMßhÔ-%�%+D�ÙiA-ësÛMË�Ûqß�ÛMË�âsÈ¶Ï�Ë�ÉJß�Û&Ë�âS�S�¥Ð+ß�Ï�ÛMà¿âsË�Ì¶Ñsè½ãaÐJÏÀë�ÏÀësÛRÚ���Æ Ë�ÌÊÑsè�ÈÊÛ
Î|ë«ÉJÑsè+Û~ìm�aÐ�ÌÊÑ�ÏrÉ��S� ß�Ð�É�Î|ë2#GÌÊÑ@AmÉ�ãsÈÊÛz'(*uÉ�Ë �jÛMÈÊÈbÉ�Ë§ÏÀësÛX4 ��Æ¿é&âsÈ¶Ï�ÌJ�sÈ¶Û�ã ß�ÛdÉJä�Ë-Ï�ÛMË�Ï
#GÌÊÑ AmÉ�ãsÈÊÛ %+* É/�S�sÈÊÌ¶ÛMà)Ï�Ð:Ï�ësÛ¿É�ãsË�Ð+ÈÊâ Ï�Û¿É�ÑsàNî�â«É�àsß�ÉJÏÀÌ¶Î�ÎMß�Ð�Ë�Ë�ìm�sß�Ð�àsâsÎ~Ï;ß�Û\Ï�âsß�ÑsË
Ï�ßÀÉ�ÑsË�íGÐ+ß�éêÉJÏ�ÌÊÐ+ÑsËuÐ�ímÏ�ësÛ_íGÐ+âsß-ÈÊÉ�ß�è+Û\Ë�ÏrË�ÏÀÐ�Î|ä é�ÉJß�ä�Û~Ï»ÌÊÑsàsÌ¶ÎMÛ\ËMÙ

å�Ë�É§Í«Ñ«ÉJÈ+ÛMé��sÌÊß�ÌÊÎMÉ�È�É/�S�sÈÊÌ¶ÎdÉJÏ�ÌÊÐ+Ñ7�uÛ=ÏÀÛ\Ë�Ï�íGÐ+ßHÎ|ë«ÉJÑsè+Û~ìm�aÐ�ÌÊÑ�ÏÀËHÌ¶Ñ�ÏÀësÛ�V��:éêÉ�ß�äJÛ\Ï
É��l�sÈ¶Ü�ÌÊÑ èqÏ�ësÛ&Ú���ÆXÏÀÛ\Ë�Ï�ÏÀÐêÏ�ësÛ�í[ÉJéêÌ¶È¶Ü ÐJí=ësÌÊè�ë�ì�íGß�ÛMî�âsÛMÑ Î\Ü	�+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ ÏeÜ�Í«È ÏÀÛMß�Ë»Ï�ë«ÉJÏ
Û\Ë�ÏÀÌ¶é�ÉUÏÀÛ-ÏÀësÛ "�â«É�àsß�ÉJÏÀÌ¶ÎnwÉ�ß�ÌÊÉJÏÀÌ¶Ð+Ñd#!"0nz*=Ð�íCàsÌ � âsË�Ì¶Ð+Ñ��sß�Ð�ÎMÛ\Ë�Ë�Û\ËN�rÌ¶Ï�ëêË�ÏÀÐ�Î|ë«É�Ë�ÏÀÌÊÎ
��Ð+ÈµÉJÏ�ÌÊÈ¶Ì¶ÏeÜ½ÉJË�ãsß�ÌÊÛB� Ü�à ÌÊË�Î\âsË�Ë�ÛMà*ÌÊÑ�Ë�Û\Î\ÏÀÌ¶Ð+Ñ�Ô+Ù�Ø Ù7A-ësÛMË�Û&ësÌÊè�ë�ì�íGß�ÛMî�âsÛMÑ Î\Üd�+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ¶ÏeÜ
Û\Ë�ÏÀÌ¶é�ÉUÏÀÛMËhësÉ-��Û;ã¥ÛMÛ\Ñ Ì¶Ñ�Ï�ß�Ð�àsâsÎ\ÛMà ã�Ü$4$ÛMß�Ï�Ð+Ñ #�Ô-%('�Õ+*&É�Ñsà É��S�sÈ¶ÌÊÛ\à Ì¶ÑRGmÐ�Ï�ÛMß�ãsÉ
É�Ñ à�á�â éêéqÛMß�Ë`#�Ô-%('()(*~Ö>V«ß�Û\ÑsÎ|ë;Û~Ï�ÉJÈZÙ0#�Ô-%('(D(*§É�Ñsà�ç�Ë�ÌÊÛMë]#�Ô-%�% Ô=*uÌÊÑ�Ï�ÛMßÀÉJÈÊÌµÉ�Ù�4�Ð+ß�Û
ß�ÛMÎMÛ\Ñ�ÏÀÈ¶Ü�å�ÑsàsÛ\ß�Ë�ÛMÑXÉ�Ñsà 6uÐ+È¶ÈÊÛMß�Ë�È¶ÛB�]#�Ô-%(%�'+*�ß�Û\ÌÊÑ�ÏÀß�Ð�à âsÎMÛ\à*Ï�ësÛMË�ÛhÍ«È¶Ï�ÛMß�Ë_â Ë�ÌÊÑ è$Ì¶Ñ�ì
Ï�ßÀÉ�à«ÉdÜ;à«ÉJÏ|É�ÖbË�Ì¶éêÌ¶ÈµÉ�ßrÏÀÐ0ç»Ë�ÌÊÛ\ë$#�Ô-%(%�Ô=*~ÙX6§É�Ë�ÛMà¿Ð+Ñ*É½ÎMÐ+Ñ�ÏÀÌ¶Ñ�âsÐ+âsË�Ï�ÌÊéqÛ&àsÌ � âsË�ÌÊÐ+Ñ
�sß�Ð�Î\ÛMË�Ë?å�Ñsà ÛMß�Ë�ÛMÑqÉ�Ñsà16uÐ+ÈÊÈ¶ÛMß�Ë�ÈÊÛ��Z#�Ô-%�%('+*HÛMË�Ï�ÌÊéêÉJÏÀÛwÏÀësÛjÐ+ÑsÛ�ìeà«ÉdÜ "_âsÉ�àsßÀÉUÏÀÌÊÎcnwÉ�ß�Ì ì
ÉJÏ�ÌÊÐ+ÑK# = >êÔ=*q�rësÌ¶Î|ë ÌÊËjÉ�ÈÊË�Ð	ÎMÉ�ÈÊÈ¶ÛMàqÌÊÑ�ÏÀÛ\è+ßÀÉJÏ�ÛMà��+Ð+ÈÊÉJÏÀÌ¶ÈÊÌ¶ÏeÜ&É�Ñsà à Û\Í«ÑsÛ\à0É�ËjÏ�ësÛ�Ë�âsé
Ð�í-Ï�ësÛ Ë�î�âsÉ�ß�Û\à ß�Û\ÏÀâ ß�ÑsË �B) :�,;. O»íGÐ+ßQÏÀësÛ Ì¶Ñ�ÏÀßÀÉJà«ÉdÜXíGß�ÛMî�âsÛMÑ Î\Ü 3�Ö?Ï�Ð��sß�Ð�àsâsÎ\Û�ÏÀësÛ
à«ÉJÌÊÈ¶ÜE��Ð+ÈµÉJÏ�ÌÊÈ¶Ì¶ÏeÜRéqÛdÉ�Ë�âsß�ÛJÒ�=?>êÔ 
 àsÌ¶Ë�ÎMâ Ë�Ë�Û\à�Ì¶Ñ½Ë�Û\Î\ÏÀÌ¶Ð+Ñ�Ô+Ù�Ø Ö â Ë�ÌÊÑ è�×`ìeéqÌÊÑ�â ÏÀÛ�ËÀÉ�éhì
�sÈ¶ÌÊÑsè�íGß�ÛMî�âsÛ\ÑsÎ\Ü	ÏÀësÛ-ÈÊÉ�è�ÈÊÛ\Ñsè�Ï�ëqÌ¶Ë 3 �k;�'('�íGÐ+ßmÍ«Ñ«É�ÑsÎ\ÌµÉ�È�é�ÉJß�ä�Û~ÏÀË=Ð(�¥ÛMÑZ;/F_ë Ð+âsß�Ë
�¥ÛMß?àsÉ`Ü	#[Û�Ù¸èsÙ V��Né�ÉJß�ä�Û~ÏÀËw*~Ù6= >qÔrÎdÉJÑhãaÛ-Î\Ð+ÑsË�Ì¶àsÛMß�ÛMàêÉ�Ë=É�ÑRÛ8�êÎ\ÌÊÛ\Ñ�Ï8Û\Ë�Ï�ÌÊéêÉJÏÀÛ§ÐJí
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Table 1: Empirical and Asymptotic Quantiles of the Kokoszka and Leipus (2000),
maxUNk/σ̂HAC, and the Inclán and Tiao (1994), IT,

Statistics for a GARCH Process.

GARCH Model: r0,t = u0,t h0,t , h0,t = ω0 + α0u0,t−1
2

+ β0h0,t−1

ω0 = 0.4,α0 = 0.1,β0 = 0.5 ω0 = 0.2,α0 = 0.1,β0 = 0.7

maxUNk/σ̂HAC maxUNk/σ̂HAC

Qp 0.90 0.95 0.99 0.90 0.95 0.99

Xt rt
2 |rt | rt

2 |rt | rt
2 |rt | rt

2 |rt | rt
2 |rt | rt

2 |rt |

N

250 1.2538 1.2738 1.3996 1.4129 1.6518 1.6851 1.3508 1.3544 1.4921 1.5061 1.7586 1.7845

500 1.2675 1.2740 1.3986 1.4101 1.6914 1.6833 1.3653 1.3769 1.5164 1.5294 1.8307 1.8403

750 1.2536 1.2592 1.3921 1.4008 1.6737 1.6684 1.3851 1.3739 1.5341 1.5281 1.8151 1.8357

1000 1.2782 1.2866 1.4203 1.4329 1.7152 1.7199 1.3860 1.3904 1.5449 1.5373 1.8276 1.8510

1250 1.2865 1.2957 1.4309 1.4313 1.7126 1.7359 1.3836 1.3839 1.5366 1.5354 1.8314 1.8279

1500 1.2831 1.2840 1.4169 1.4249 1.6737 1.6888 1.3923 1.3626 1.5493 1.5411 1.8601 1.8558

2000 1.2758 1.2857 1.4268 1.4285 1.7180 1.7028 1.3938 1.3858 1.5476 1.5357 1.8500 1.8578

3000 1.2927 1.2931 1.4370 1.4343 1.7151 1.7325 1.4087 1.4000 1.5713 1.5538 1.8807 1.8680

3500 1.2907 1.2890 1.4258 1.4177 1.6719 1.6809 1.4105 1.4088 1.5706 1.5472 1.8606 1.8588

IT IT

Qp 0.90 0.95 0.99 0.90 0.95 0.99

Xt rt
2 ut

2 rt
2 ut

2 rt
2 ut

2 rt
2 ut

2 rt
2 ut

2 rt
2 ut

2

N

250 1.3894 1.1802 1.5556 1.3169 1.9283 1.6110 1.5222 1.1791 1.7026 1.3151 2.0610 1.5669

500 1.4202 1.1954 1.5831 1.3268 1.8907 1.5791 1.5660 1.2003 1.7618 1.3317 2.0974 1.5947

750 1.4299 1.1938 1.5929 1.3259 1.9296 1.6043 1.5818 1.1952 1.7469 1.3216 2.1250 1.6089

1000 1.4345 1.1988 1.6119 1.3402 1.9410 1.6144 1.5930 1.2089 1.7714 1.3440 2.1682 1.6171

1250 1.4476 1.2088 1.6137 1.3452 1.9280 1.6010 1.5989 1.2080 1.7680 1.3319 2.1335 1.5868

1500 1.4434 1.2054 1.6210 1.3444 1.9662 1.6255 1.5967 1.2035 1.7797 1.3353 2.1426 1.6157

2000 1.4537 1.1997 1.6081 1.3333 1.9292 1.5989 1.6000 1.2031 1.7769 1.3305 2.1482 1.6069

3000 1.4597 1.2104 1.6275 1.3479 1.9733 1.6222 1.6222 1.2157 1.7938 1.3499 2.1717 1.6205

3500 1.4570 1.2078 1.6080 1.3370 1.9279 1.5977 1.6147 1.2072 1.7830 1.3373 2.1577 1.6225

Note: The Kokoszka and Leipus (1998, 2000) statistic is defined as UNk = 1/ N ∑j=1
k Xj − k/N N ∑j=1

N Xj . The

maxUNk is standardized by the VARHAC estimator σ̂HAC which is applied to Xt, either squared or absolute returns of the

GARCH model. The standardized statistic converges to the supremum of a Brownian Bridge with asymptotic critical value 1.36.

The Inclán and Tiao statistic IT = N/2 max|Dk | where Dk = ∑j=1
k Xj/∑j=1

N Xj − k/N is applied to the squared returns as well

as the residuals ut = rt/ht
0.5 from the GARCH process also converges to the sup of a Brownian Bridge. The Monte Carlo

standard errors for p = 0.90,0.95,0.99 based on the Normal approximation of the binomial given by 3.92 p1 − p/N are: 0.0118,

0.0085, 0.0037, respectively, estimated from 10,000 replicates of the GARCH model for N observations.
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Table 2: Nominal Size and Power of the Kokoszka and Leipus (2000)
test for a change-point in the volatility and long-range dependence

based on a univariate GARCH process.

N 500 1000 3000

Xt rt
2 |rt | rt

2 |rt | rt
2 |rt |

H0 : Univariate GARCH, r0,t = u0,t h0,t , h0,t = ω0 + α0u0,t−1
2

+ β0h0,t−1

ω0,α0,β0

DGP1: (0.4, 0.1, 0.5) 0.059 0.072 0.061 0.078 0.061 0.067

DGP2: (0.2, 0.1, 0.7) 0.083 0.098 0.097 0.112 0.116 0.116

DGP3: (0.1, 0.1, 0.8) 0.171 0.165 0.187 0.185 0.212 0.205

H1
A : Break in the dynamics of volatility, β0 (increase of 0.1) at 0.5N.

DGP1: β0 = 0.5 to β1 = 0.6 0.273 0.280 0.492 0.473 0.945 0.926

DGP2: β0 = 0.7 to β1 = 0.8 0.714 0.714 0.935 0.928 1.000 1.000

DGP3: β0 = 0.8 to β1 = 0.9 0.978 0.978 0.999 0.999 1.000 1.000

H1
B : Break in the constant of volatility, ω0 (increase of 0.1) at 0.5N.

DGP1: ω0 = 0.4 to ω1 = 0.5 0.210 0.204 0.353 0.353 0.809 0.787

DGP2: ω0 = 0.2 to ω1 = 0.3 0.470 0.455 0.743 0.723 0.985 0.984

DGP3: ω0 = 0.1 to ω1 = 0.2 0.718 0.702 0.913 0.915 1.000 1.000

H1
C : Break in the error, u0 ∼ N0,1 (increase σu1 = 1.1) at 0.5N

DGP1: u1 ∼ N0,1.1 0.287 0.277 0.548 0.520 0.921 0.917

DGP2: u1 ∼ N0,1.1 0.368 0.356 0.624 0.613 0.960 0.948

DGP3: u1 ∼ N0,1.1 0.449 0.437 0.710 0.700 0.982 0.975

H1
D : Outliers in the error, u0 ∼ N0,1 (μu1 = 5 every 250 observations).

DGP1: u1 ∼ N5,1 0.019 0.046 0.015 0.039 0.005 0.044

DGP2: u1 ∼ N5,1 0.044 0.082 0.033 0.070 0.020 0.070

DGP3: u1 ∼ N5,1 0.039 0.115 0.046 0.134 0.062 0.145
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Table 2: Continued.
Properties of Kokoszka and Leipus (2000) test for an early change-point

N 500 1000 3000

Xt rt
2 |rt | rt

2 |rt | rt
2 |rt |

H1
A : Break in the dynamics of volatility, β0 (increase of 0.1) at 0.3N.

DGP1: β0 = 0.5 to β1 = 0.6 0.190 0.204 0.382 0.390 0.838 0.825

DGP2: β0 = 0.7 to β1 = 0.8 0.566 0.561 0.850 0.837 1.000 0.999

DGP3: β0 = 0.8 to β1 = 0.9 0.934 0.942 0.996 0.999 1.000 1.000

H1
B : Break in the constant of volatility, ω0 (increase of 0.1) at 0.3N.

DGP1: ω0 = 0.4 to ω1 = 0.5 0.148 0.153 0.254 0.262 0.674 0.634

DGP2: ω0 = 0.2 to ω1 = 0.3 0.336 0.327 0.568 0.557 0.959 0.951

DGP3: ω0 = 0.1 to ω1 = 0.2 0.552 0.573 0.851 0.844 0.999 0.999

H1
C : Break in the error, u0 ∼ N0,1 (increase σu1 = 1.1) at 0.3N

DGP1: u1 ∼ N0,1.1 0.195 0.199 0.329 0.333 0.833 0.804

DGP2: u1 ∼ N0,1.1 0.290 0.304 0.492 0.482 0.885 0.870

DGP3: u1 ∼ N0,1.1 0.376 0.386 0.548 0.548 0.932 0.923

Note: The Kokoszka and Leipus (1998, 2000) statistic is defined as UNk = 1/ N ∑j=1
k Xj − k/N N ∑j=1

N Xj . The

maxUNk is standardized by the VARHAC estimator σ̂HAC which is applied to Xt, either squared or absolute returns of the

GARCH model. The normalized statistic converges to the sup of a Brownian Bridge with asymptotic critical value 1.36. The

Normal GARCH (1,1) model is simulated (1,000 replications) where the superscirpts 1 and 0 in the variables and coefficients in the

Table denote the cases with and without change-points, respectively.
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Table 3: Nominal Size and Power of the Inclán and Tiao (1994) test
for a change-point in the volatility and long-range

dependence based on a univariate GARCH process.

N 500 1000 3000

Xt rt
2 |rt | ut

2 rt
2 |rt | ut

2 rt
2 |rt | ut

2

H0 : Univariate GARCH, r0,t = u0,t h0,t , h0,t = ω0 + α0u0,t−1
2

+ β0h0,t−1

ω0,α0,β0

DGP1: (0.4, 0.1, 0.5) 0.133 0.000 0.038 0.131 0.000 0.041 0.165 0.000 0.042

DGP2: (0.2, 0.1, 0.7) 0.191 0.000 0.050 0.229 0.000 0.033 0.217 0.000 0.042

DGP3: (0.1, 0.1, 0.8) 0.286 0.000 0.038 0.337 0.005 0.041 0.353 0.003 0.051

H1
A : Break in the dynamics of volatility, β0 (increase of 0.1) at 0.5N

DGP1: β0 = 0.5, β1 = 0.6 0.404 0.001 0.047 0.633 0.023 0.047 0.966 0.294 0.058

DGP2: β0 = 0.7, β1 = 0.8 0.794 0.113 0.047 0.958 0.359 0.049 1.000 0.980 0.042

DGP3: β0 = 0.8, β1 = 0.9 0.989 0.621 0.047 1.000 0.969 0.046 1.000 1.000 0.047

H1
B : Break in the constant of volatility, ω0 (increase of 0.1) at 0.5N

DGP1: ω0 = 0.4, ω1 = 0.5 0.276 0.002 0.047 0.519 0.014 0.043 0.883 0.131 0.044

DGP2: ω0 = 0.2, ω1 = 0.3 0.576 0.023 0.037 0.806 0.108 0.036 0.998 0.672 0.053

DGP3: ω0 = 0.1, ω1 = 0.2 0.786 0.121 0.043 0.959 0.385 0.047 1.000 0.981 0.032

H1
C : Break in the error, u0 ∼ N0,1 (increase σu1 = 1.1) at 0.5N

DGP1: u1 ∼ N0,1.1 0.610 0.057 0.242 0.806 0.133 0.461 0.993 0.685 0.910

DGP2: u1 ∼ N0,1.1 0.517 0.014 0.258 0.761 0.070 0.460 0.981 0.474 0.899

DGP3: u1 ∼ N0,1.1 0.599 0.046 0.247 0.823 0.128 0.432 0.994 0.668 0.929

H1
D : Outliers in the error, u0 ∼ N0,1 (μu1 = 5 every 250 observations).

DGP1: u1 ∼ N5,1 0.357 0.000 0.231 0.271 0.000 0.112 0.219 0.000 0.079

DGP2: u1 ∼ N5,1 0.442 0.001 0.223 0.401 0.003 0.135 0.360 0.000 0.077

DGP3: u1 ∼ N5,1 0.505 0.001 0.257 0.500 0.002 0.136 0.481 0.002 0.079

Note: The Inclan and Tiao (1994) statistic IT = N/2 max|Dk | where Dk = ∑j=1
k rj

2/∑j=1
N rj

2
−

k
N is specified for

independent processes. It also converges to the sup of a Brownian Bridge with asymptotic critical value 1.36.
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Table 4: Nominal Size and Power of the Kokoszka and Leipus (2000)
test for a change-point in the volatility and long-range dependence

based on a bivariate GARCH with constant correlation
(ρ12): Testing the change-point hypothesis in

r11,t when the change-points occur in ρ12 and r22,t.

N 500 1000 3000

Xt r11,t
2 |r11,t | r11,t

2 |r11,t | r11,t
2 |r11,t |

H0 : Bivariate constant correlation GARCH model where (ωii,0,αii,0,βii,0,ρij,0):

DGP1: (0.2, 0.1, 0.7, 0) 0.099 0.087 0.113 0.113 0.128 0.112

DGP2: (0.2, 0.1, 0.7, 0.3) 0.097 0.097 0.098 0.097 0.102 0.095

DGP3: (0.2, 0.1, 0.7, -0.3) 0.094 0.093 0.109 0.106 0.117 0.116

DGP4: (0.2, 0.1, 0.7, 0.5) 0.089 0.100 0.110 0.112 0.124 0.122

H1
A : Break in the dynamics of h22,t volatility, β22,0 (increase at 0.5N)

DGP2: β22,0 = 0.7,β22,1 = 0.8 0.113 0.110 0.109 0.113 0.177 0.162

DGP2: β22,0 = 0.7,β22,1 = 0.9 0.182 0.194 0.319 0.309 0.671 0.646

DGP4: β22,0 = 0.7,β22,1 = 0.8 0.098 0.100 0.107 0.111 0.168 0.180

DGP4: β22,0 = 0.7,β22,1 = 0.9 0.578 0.541 0.847 0.823 1.000 0.999

H1
B : Break in the constant of h22,t volatility, ω22,0 (increase at 0.5N)

DGP2: ω22,0 = 0.2, ω22,1 = 0.3 0.087 0.082 0.110 0.111 0.134 0.137

DGP2: ω22,0 = 0.2, ω22,1 = 0.4 0.119 0.132 0.141 0.135 0.203 0.185

DGP4: ω22,0 = 0.2, ω22,1 = 0.3 0.112 0.123 0.143 0.141 0.239 0.230

DGP4: ω22,0 = 0.2, ω22,1 = 0.4 0.170 0.180 0.242 0.239 0.526 0.497

H1
C : Break in the error, u22,0 ∼ N0,1 (at 0.5N)

DGP2: u22,1 ∼ N0,1.1 0.109 0.103 0.117 0.122 0.137 0.131

DGP2: u22,1 ∼ N0,1.5 0.201 0.207 0.329 0.322 0.729 0.706

DGP4: u22,1 ∼ N0,1.1 0.107 0.112 0.133 0.129 0.206 0.192

DGP4: u22,1 ∼ N0,1.5 0.592 0.577 0.892 0.867 1.000 1.000

H1
D : Break in the correlation coefficient, ρ12,0

DGP1: ρ12,0 = 0, ρ12,1 = 0.3 0.108 0.110 0.188 0.177 0.320 0.312

DGP1: ρ12,0 = 0, ρ12,1 = 0.5 0.341 0.333 0.541 0.516 0.921 0.908

DGP2: ρ12,0 = 0.3, ρ12,1 = 0.5 0.192 0.188 0.288 0.290 0.591 0.579

DGP4: ρ12,0 = 0.5, ρ12,1 = 0.3 0.182 0.191 0.282 0.265 0.578 0.559

Note: The simulated bivariate GARCH with constant correlation under the null of no breaks (denoted by the 0 superscript) is

speficied as: r11,t = u1,0,t h11,0,t + u2,0,t h12,0,t and r22,t = u2,0,t h22,0,t + u1,0,t h12,0,t where

h11,0,t = ω11,0 + α11,0u1,0,t−1
2

+ β11,0h11,0,t−1, h22,0,t = ω22,0 + α2,0u2,0,t−1
2

+ β22,0h22,0,t−1 and h12,0,t = ρ12,0 h11,0,th22,0,t . The Kokoszka

and Leipus test is summarized in the note of Table 1.
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Table 5: Nominal Size and Power of the Kokoszka and Leipus (2000)
test for a change-point in the volatility and long-range dependence

based on a bivariate GARCH with constant correlation
(ρ12): Testing the change-point hypothesis in
r11,t × r22,t when the change-points occur in

ρ12 and r22,t.

N 1000

Xt r11,t × r22,t
2 |r11,t × r22,t | u11,t × u22,t

2 |u11,t × u22,t |

H0 : Bivariate constant correlation GARCH model where (ωii,0,αii,0,βii,0,ρij,0):

DGP1: (0.2, 0.1, 0.7, 0) 0.079 0.099 0.031 0.038

DGP2: (0.2, 0.1, 0.7, 0.3) 0.059 0.094 0.040 0.039

DGP3: (0.4, 0.1, 0.5, 0.5) 0.033 0.061 0.037 0.043

DGP4: (0.2, 0.1, 0.7, 0.5) 0.061 0.090 0.042 0.055

H1
A : Break in the dynamics of h22,t volatility, β22,0 (increase at 0.5N)

DGP2: β22,0 = 0.7,β22,1 = 0.8 0.477 0.641 0.069 0.087

DGP2: β22,0 = 0.7,β22,1 = 0.9 0.997 1.000 0.270 0.330

DGP4: β22,0 = 0.7,β22,1 = 0.8 0.999 1.000 0.092 0.132

DGP4: β22,0 = 0.7,β22,1 = 0.9 0.542 0.730 0.539 0.709

DGP3: β22,0 = 0.5,β22,1 = 0.7 0.770 0.914 0.099 0.157

H1
B : Break in the constant of h22,t volatility, ω22,0 (increase at 0.5N)

DGP2: ω22,0 = 0.2, ω22,1 = 0.3 0.276 0.425 0.055 0.072

DGP2: ω22,0 = 0.2, ω22,1 = 0.4 0.630 0.825 0.079 0.093

DGP4: ω22,0 = 0.2, ω22,1 = 0.3 0.277 0.417 0.065 0.099

DGP4: ω22,0 = 0.2, ω22,1 = 0.4 0.739 0.895 0.116 0.177

DGP3: ω22,0 = 0.4, ω22,1 = 0.8 0.865 0.965 0.139 0.205

H1
C : Break in the error, u22,0 ∼ N0,1 (at 0.5N)

DGP2: u22,1 ∼ N0,1.1 0.181 0.290 0.093 0.146

DGP2: u22,1 ∼ N0,1.5 0.984 1.000 0.992 0.999

DGP4: u22,1 ∼ N0,1.1 0.182 0.275 0.151 0.198

DGP4: u22,1 ∼ N0,1.5 0.974 1.000 0.994 1.000

DGP3: u22,1 ∼ N0,1.5 0.972 1.000 0.980 0.998

H1
D : Break in the correlation coefficient, ρ12

DGP1: ρ12,0 = 0, ρ12,1 = 0.3 0.668 0.632 0.752 0.679

DGP1: ρ12,0 = 0, ρ12,1 = 0.5 0.989 0.997 0.996 1.000

DGP2: ρ12,0 = 0.3, ρ12,1 = 0.5 0.610 0.713 0.681 0.780

DGP4: ρ12,0 = 0.5, ρ12,1 = 0.3 0.607 0.710 0.683 0.775

DGP3: ρ12,0 = 0, ρ12,1 = 0.5 0.986 1.000 1.000 1.000

Note: The bivariate GARCH is defined in the note of Table 4. The Kokoszka and Leipus statistic is defined in the note of Table

1 and is applied to the absolute and squared transformations of the cross-product of returns and the residuals defined as

uii,t = rii,t/ hii,t .
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Table 6: Testing for a single change-point in the volatility
and long-range dependence of daily Stock Market Indices (SMI)

over the period 1989-2001
Change-point Statistics

SMI Returns

Change-point Kokoszka & Leipus Test Inclán & Tiao Tests

k maxUNk
maxUNk
σ̂HAC

maxUNk∗
σ̂ARMA

IT BNC

FTSE |rt | 05/06/97 1.917 5.862* 6.665* 4.414* 0.599

rt
2 04/08/97 2.238 5.266* 3.511* 9.195* 1.249

HSI |rt | 18/08/97 3.460 4.619* 5.828* 4.954* 0.321

rt
2 18/08/97 7.104 2.181* 1.291 8.583* 0.556

NIKKEI |rt | 31/07/97 1.521 3.091* 3.806* 2.905* 0.449

rt
2 21/10/97 1.836 1.972* 1.305 4.427* 0.684

S&P500 |rt | 04/02/97 2.395 6.882* 7.181* 5.837* 0.356

rt
2 26/03/97 2.718 4.888* 1.665* 11.103* 0.678

Notes: (1) The Stock Market Index (SMI) series refer to the Financial Times Stock Exchange index 100 (FTSE100), the

Hang-Seng Index (HSI), the Nikkei 500 (NIKKEI), the Standards and Poors 500 index (S&P500). The daily sample over the period

4/1/1989 to 19/10/2001 yields N = 3338 observations. The series rt := logpt − logpt−1 represents the returns on each index. The

change-point tests are applied to the rt2 and |rt | transformations as well as ut2 where ut is the residual from the GARCH.

(2) The Kokoszka and Leipus (1998, 2000) reported statistic is defined as UNk = 1/ N ∑j=1
k Xj − k/N N ∑j=1

N Xj . The

maxUNk is standardized by the VARHAC estimator σ̂HAC which is applied to Xt, either squared or absolute returns and ARMA

estimators σ̂ARMA of squared and absolute returns. The normalized statistic maxUNk/σ converges to the sup of a Brownian

Bridge.

(3) The Inclán and Tiao (1994) statistic Dk = ∑j=1
k rj

2/∑j=1
N rj

2
−

k
N specified for independent processes normalized as

IT = N/2 max|Dk | also converges to the sup of a Brownian Bridge and is extended in Kim et al. (2000) for GARCH processes to

be BNC = C N max|Dk | where C2and κ are constants that are estimated by substituting the quasi-MLEs of the GARCH(1,1) ω̂,

α̂, β̂ and N−1∑j=1
N rj

4 to ω, α, β and Erj
4.

(4) k refers to the location of the break and the * symbol attached to statistics denotes that the null hypothesis of no structural

change is rejected using the asymptotic critical value of 1.36.
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Table 7: Testing for multiple change-points in the volatility
and long-range dependence of daily Stock Market Indices (SMI)

over the period 1989-2001

Lavielle and Moulines Test

SMI Process Selection Criterion Number & Location of Breaks

FTSE |rt | BIC -2.616(2), -2.610(1) 2 16/11/92, 4/8/97

LWZ -2.599(1), -2.549(0) 1 4/8/97

rt
2 BIC -2.123(1), -2.070(0) 1 13/7/98

LWZ -2.112(1), -2.069(0) 1 13/7/98

HSI |rt | BIC -1.121(3), -1.117(2) 3 3/7/92, 24/1/95, 15/8/97

LWZ -1.108(1), -1.074(0) 1 15/8/97

rt
2 BIC 2.005(1), 2.009(0) 1 15/8/97

LWZ 2.010(0) 0 -

NIKKEI |rt | BIC -1.874(2), -1.867(1) 2 16/9/92, 31/7/97

LWZ -1.857(1), -1.851(0) 1 20/8/98

rt
2 BIC -0.457(2), -0.452(1) 2 16/9/92, 14/10/97

LWZ -0.448(0) 0 -

S&P500 |rt | BIC -2.525(3), -2.513(2) 3 21/8/91, 4/7/96, 22/7/98

LWZ -2.492(2), -2.491(1) 2 21/8/91, 4/2/97

rt
2 BIC -1.602(1), -1.559(0) 1 15/10/97

LWZ -1.591(1), -1.559(0) 1 15/10/97

Notes: For brief data description refer to note 1, Table 6. The number of segments for multiple breaks is set equal to 3 and 5

and similar results are obtained. The selection criteria BIC and LWZ refer to the Bayesian or Schwarz Information Criterion and

modified BIC proposed in Liu et al. (1996). The Lavielle and Moulines statistic is described in the second section of the paper and is

compared with the results from the application of the ICSS algorithm to the Kokoszka and Leipus test for detecting multiple breaks.
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Table 7: Continued. The ICSS type Algorithm for the Kokoszka and Leipus test in detecting
multiple breaks.

ICSS Algorithm for the Kokoszka and Leipus Test

SMI Process Subsamples k maxUNk
σ̂HAC

Number

(observations) Observ. Date of Breaks

FTSE |rt | 1-3338 2197 5/6/97 5.861* 5

1-2197 1021 2/12/92 3.508*

2198-3338 2497 30/7/98 1.366*

1021-2197 1631 5/4/95 2.041*

2498-3338 2624 25/1/99 1.650*

rt
2 1-3338 2239 4/8/97 5.265* 5

1-2239 991 21/10/92 2.744*

992-2239 1556 21/12/94 1.734*

992-1556 1279 29/11/93 2.507*

1557-2239 2058 22/11/96 1.666*

HSI |rt | 1-3338 2247 18/8/97 4.619* 6

1-2247 1630 4/4/95 1.815*

2248-3338 2554 19/10/98 2.818*

1-1630 1239 4/10/93 2.416*

1240-1630 1404 23/5/94 2.540*

1405-1630 1534 21/11/94 1.953*

rt
2 1-3338 2249 18/8/97 2.181* 2

2250-3338 2554 22/10/98 2.072*

NIKKEI |rt | 1-3338 2237 31/7/97 3.091* 5

1-2237 966 16/9/92 2.476*

2238-3338 2792 16/9/99 2.161*

1-966 293 16/2/90 3.119*

2238-2792 2365 27/1/98 1.716*

rt
2 1-3338 2295 21/10/97 1.972* 4

1-2295 966 16/9/92 2.470*

2296-3338 2861 22/12/99 1.757*

1-966 295 20/2/90 2.162*

S&P500 |rt | 1-3338 2110 4/2/97 6.841* 4

1-2110 776 30/12/91 4.143*

2111-3338 2495 28/7/98 1.863*

780-2110 1776 25/10/95 2.130*

rt
2 1-3338 2146 26/3/97 4.888* 3

1-2146 779 31/12/91 3.159*

780-2146 1814 18/12/95 2.343*
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Table 8: Testing for a single change-point in the comovements
of daily stock market indices over the period 1989-2001

Kokoszka and Leipus

SMI Process Statistic

k maxUNk maxUNk
σHAC

maxUNk
σARMA

HSI*FTSE |ri,t × rj,t | 14/08/97 2.7186 4.8168*

ri,t × rj,t
2 17/10/97 5.6168 2.3906*

HSI*NIKKEI |ri,t × rj,t | 18/08/97 2.8441 3.6477*

ri,t × rj,t
2 28/8/97 9.6730 1.5906*

HSI*S&P500 |ri,t × rj,t | 14/08/97 2.7587 4.2474*

ri,t × rj,t
2 17/10/97 7.2665 1.4063*

NIKKEI*FTSE |ri,t × rj,t | 04/08/97 1.3802 3.8403*

ri,t × rj,t
2 21/10/97 1.4674 1.4591*

NIKKEI*S&P500 |ri,t × rj,t | 15/10/97 1.4020 4.0103*

ri,t × rj,t
2 22/10/97 1.6199 2.0001*

FTSE*S&P500 |ri,t × rj,t | 5/8/97 1.7594 6.0627*

ri,t × rj,t
2 14/8/97 1.9434 3.6723*

Notes: The data are briefly described in note 1, Table 6. The tests are applied on the cross-products of the returns between

pairs of stock market returns indices (ri,t × rj,t) and their transformations. Details of the test statistics can be found in note 2, Table

6.
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Table 9: Testing for multiple change-points in the comovements
of daily FX rates vis-a-vis the DM over the period 1989-2001

Lavielle and Moulines

SMI Process Selection Criterion Number & Location of Breaks

HSI*FTSE |ri,t × rj,t | BIC -1.685(2), -1.684(1) 2 13/8/97, 14/7/99

LWZ -2.673(1), -1.635(0) 1 14/7/99

ri,t × rj,t
2 BIC 1.343(1), -1.349(0) 1 16/10/97

LWZ 1.349(0) 0

HSI*NIKKEI |ri,t × rj,t | BIC -0.904(1), -0.882(0) 1 14/8/97

LWZ -0.893(1), -0.882(0) 1 14/8/97

ri,t × rj,t
2 BIC 3.328(0) 0

LWZ 3.329(0) 0

HSI*S&P500 |ri,t × rj,t | BIC -1.556(2), -1.556(1) 2 13/8/97, 14/7/99

LWZ -1.545(1), -1.512(0) 1 13/8/97

ri,t × rj,t
2 BIC 2.787(0) 0

LWZ 2.787(0) 0

NIKKEI*FTSE |ri,t × rj,t | BIC -2.464(2), -2.462(1) 2 6/10/92, 23/9/97

LWZ -2.451(1), -2.436(0) 1 23/9/97

ri,t × rj,t
2 BIC -0.071(0) 0

LWZ -0.071(0) 0

NIKKEI*S&P500 |ri,t × rj,t | BIC -2.638(2), -2.635(1) 2 24/8/92, 22/10/97

LWZ -2.624(1), -2.606(0) 1 22/10/97

ri,t × rj,t
2 BIC -0.649(1), -0.647(0) 1 22/10/97

LWZ -0.647(0) 0

FTSE*S&P500 |ri,t × rj,t | BIC -2.916(2), -2.915(1) 2 21/8/91, 5/8/97

LWZ -2.904(1), -2.844(0) 1 5/8/97

ri,t × rj,t
2 BIC -1.559(1), -1.540(0) 1 22/10/97

LWZ -1.549(1), -1.539(0) 1 22/10/97

Notes: As in notes 1 and 2 in Table 3.
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Table 10: Testing for a single change-point in high-frequency volatility filters
in the YN/US$ in the period 1986-1996

Change-point Statistics

Volatility Kokoszka & Leipus Inclán & Tiao type tests

Filters k max UNk
maxUNk
σ̂HAC

maxUNk
σ̂ARMA

IT BNC

|rt | 26/4/91 0.3538 1.493* 1.589* 1.996* 0.451

rt 
2 - 0.2676 1.120 1.273 1.151 0.260

QV1 9/2/93 0.3445 1.925* 3.845* 2.302* -

QV2 9/2/93 0.3443 1.262 7.685* 2.301* -

QV3 9/2/93 0.3442 1.021 11.212* 2.300* -

HQV1 8/2/93 0.3428 1.804* 4.222* 2.291* -

HQV2 8/2/93 0.3429 1.207 8.467* 2.292* -

HQV3 9/2/93 0.3432 0.948 12.435* 2.294* -

Notes: (1) The Yen vis-a-vis the US dollar returns over the period 1/12/1986-30/11/1996 at 5-minute sampling frequency. The

data source is Olsen and Associates. The original sample is 1,052,064 five-minute return observations (2,653 days ⋅ 288 five-minute

intervals per day). The returns for some days were removed from the sample to avoid having regular and predictable market

closures which affect the characterization of the volatility dynamics. The final sample includes 705,024 five-minute returns

reflecting N=2448 trading days.

(2) The one-day Quadratic Variation (QV1) is the sum of the squared returns rm,t for the intraday frequency m, to produce

the daily volatility measure: QV1 = ∑
j=1
m rm,t+1−j/m

2 , t = 1, ...,ndays, where for the 5-minute sampling frequency the

lag length is m = 288 for financial markets open 24 hours per day. In QV2 and QV3 the window length is k = 2,3 days,

respectively. The rolling estimation method yields the one-day Historical Quadratic Variation (HQV1) defined as the sum of m
rolling QV estimates: HQV1 = 1/m∑

j=1
m QV1m,t+1−j/m, t = 1, ...,Tdays, which is also extended to a k window

length, HQVk.

(3) The tests are described in notes (2) and (3) of Table 6.
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Table 11: Estimating volatility dynamics and long range dependence in subsamples of stock market
returns indices.

SMI Process Subsamples k∗ Normal GARCH(1,1) Estimates Long Memory

(observations) Date ω α β d

FTSE |rt | 1-3338 0.398

1-1009 16/11/92 0.450

1010-2218 4/8/97 0.472

2219-3338 0.517

rt
2 1-3338 0.003[4.409] 0.067[10.46] 0.919[111.8]

1-2484 13/7/98 0.003[3.669] 0.058[6.744] 0.915[64.18]

2485-3338 0.017[2.839] 0.100[4.410] 0.845[22.40]

HSI |rt | 1-3338 0.388

1-913 3/7/92 0.378

914-1580 24/1/95 0.505

1581-2269 15/8/97 0.478

2270-3338 0.518

rt
2 1-3338 0.016[15.80] 0.124[19.29] 0.855[128.6]

1-2248 15/8/97 0.023[18.71] 0.134[17.04] 0.810[97.42]

2249-3338 0.029[4.387] 0.092[7.462] 0.878[63.48]

NIKKEI |rt | 1-3338 0.407

1-966 16/9/92 0.440

967-2237 31/7/97 0.448

2238-3338 0.470

rt
2 1-3338 0.005[6.979] 0.134[16.33] 0.859[105.4]

1-966 16/9/92 0.002[2.206] 0.229[11.11] 0.801[58.14]

967-2290 14/10/97 0.007[4.959] 0.080[7.805] 0.877[52.79]

2291-3338 0.011[3.125] 0.100[5.752] 0.875[41.36]

S&P500 |rt | 1-3338 0.374

1-673 2/8/91 0.506

674-2218 4/7/96 0.427

2219-3338 22/7/98 0.457

rt
2 1-3338 0.0007[4.712] 0.039[12.979] 0.958[294.4]

1-2291 15/10/97 0.0003[3.256] 0.018[7.796] 0.979[409.1]

2292-3338 0.013[3.440] 0.075[5.801] 0.883[42.41]

Notes: The Moulines and Lavielle (2000) multiple breaks detected in Table 7 for the absolute and squared returns processes

are used to create various subsamples of each stock market return index. The estimated Normal GARCH(1,1) coefficients as well

as the long memory parameter (Robinson, 1994) are reported for the total sample (N=1-3338) as the various subsamples

determined by the estimated break points. The values in square brackets refer to t-values. Although not all subsamples have equal

size some are approximately equal which allow for a better comparison of the estimated parameters. The bold parameters

emphasize the change in the size of the volatility estimates in most subsamples (especially the parameters referring to the constant

and ARCH effects of dynamic volatility).
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