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ÜméaâKÛTò�àCå�0Pî�ßRà�á�Ü!åmà�ê£êKÝjå�Û©æ+å!Ý6âKÞGè@êKÝjÞGÝjá�ÜmÝIçðÛcÜ!åmñaßRÜmñ@å�æ+êKêKÚiæCÛz_aáaâ�Ü!ÝÎÛcÜ�æ&ÜmÝGÞªæCß�éaâ£á@ÝIÛ©ñaÛmâ£á@ã
å�æ+áaç�à�Þ�êKàCãCâ:ß+ô
õ`é@Ý�Ümå�æCç@â�Ü!â£à�áaæ+êaæCè@è@å!à�æ�ß�é�Ü!àTÜmÝIÛcÜ!â£á@ã6æTßRàCá�Ü!åmà�ê£êKÝjå�A~çaæ&Ü!æCèaæ&Ü!é�èaæCâ£å%âKÛ�Û)é@à&ò�áGâKá I â£ã�ñ@åmÝ

y�ô�õ`é@Ý�èaæCâ£å�âKÛ
ßjàCÞGè@êKÝRÜ!ÝjêKÚ(Ûmè@êKâ�ÜIîeæ+áeç(Ümé@ÝTÜcò�àGèaæ+åmÜ!Û�æ+å!Ý©ÜmÝsÛ)ÜmÝIç¨â£áeç�ÝjèlÝjáaç@Ýjá�ÜmêKÚCôt8~ä�Ümé@Ý
ßRà�á�Ümå!àCêKê£Ýså�æCáaç
çaæ&Ü!æCèaæ&Ü!é
ßsæ+áóëlÝ.ÜmÝIÛcÜ!Ýsç¨æ&Ü�ç�â�MlÝsåmÝsá�Ü`Ü!â£ÞGÝsÛsî�Þ�ñaê�Ü!â£è@êKÝ D�Ýså!Û`ÞªæEÚªëlÝ.ñeÛ)ÝIç
ÜmàíÛ)éeæ+å!ÝGÜmé@ÝóÜmÝsÛ)Ü6å!ÝsÛmàCñaå!ßjÝsÛsø�ä*àCå�Ý�D@æ+ÞGè@êKÝCî�àCá@Ý
õ�� � o�æCáaçðàCá@Ý
Þ�ñ@ê£ÜmâKè@êKÝ D�Ýjå-ßjæCá�ëeÝ
ñaÛmÝsçùâ£áeÛcÜ!ÝsæCçíàCä%ÜméaÝGÜcò�à¨õ�� � o
ÛTÛmé@à&ò�áíàCáùÜmé@Ý)_eãCñ@å!ÝCô I à�å©Ümå�æCç�â£ÜmâKàCáaæCêUç�ÝsÛmâ£ã�áaÛsî�ä*àCå
ò�é@â:ß�éªç�ÝsÛmâ£ã�áSA[ä*àCå�ANÜ!ÝsÛ)Ü!æ+ëaâ£êKâ�ÜcÚTç�ÝIßRâ:Û)âKàCáeÛUæ+å!Ý�Þªæ�ç�Ý`ä*àCåUà�á@Ý�ßRàCÞGèlàCá@Ýsá�Ü ò�â�Ü!é@àCñ�ÜUÜ!é@âKá�0�â£á@ã
æ+ëlàCñ@Ü�é@à&ò Ümé@Ý
ßRàCÞGèlàCá@Ýsá�Ü�ò�â£êKê%ëlÝóñeÛ)ÝIçðâ£áðÜ!é@Ý
ßjàCá�ÜmÝ�D�Ü6à+ä`Ümé@Ýóèaæ+âKåsî^ÜméaâKÛ-æ+è@èaåmà�æCß�é
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Controller Datapath

......

MS

ALU

Multiplexer/Bus

RL Register "R"

...

...

...

«@yWzE� ��� �1oIu�{K�EoIwctNyWx�o&}����E�Wxjw~�
�Eu #&oEyWoIz`x��E|Z�&}!t~}��E}!t[�TqbtprI�Wu��

CONTROL

status

done

MISR

TPGR

DATAPATH

data out

data in

status

MISR

TPGR

(a) (b)

start
control

control

«@yWzE� �I� �suc�&}�|[}!t[uUtNucqNtNyWoEzE¯^�K}R�P{Kx�|�tN�Eu w)x�oRtN|[x��W�Wuc| 
E}�oE�6�£�+�P{Kx�|�tN�EuU�&}!t[}��&}!t[���

CONTROLstart

done

DATAPATH

data out

data in

control

status

TPGR

MISR

«@yWzE�E±I� ¬ x�v��E�Wu\tNuc� r
yWojtNucz�|~}!tNu)��t[ucqNtNyWoEz�x�{a�&}!t[}��&}!tN�T}�oE�©wcx�oRt[|Nx��W�Wu)|)�
éaæ�Û
Ü!é@Ý6æ�ç�ï&æ+á�Ü!æCãCÝTÜ!éaæ&Ü.â�Ü.ÜmÝIÛcÜ�Û
Ü!é@Ý6ßjàCÞGèeà�á@Ýjá�Ü�Û�æ�Û�ÜméaÝ-ç�ÝIÛ)âKãCáaÝjå�Û
âKá�Ü!Ýjáaç@Ýsç�ô©õ`é@Ýjå!Ý A
ä*àCå!ÝCî�äbæCñ@ê£Ü�ßRà&ïCÝså!æCãCÝ�ä*àCå�âKáaç�âKï�â:ç�ñaæCê�ßRà�Þ-èlàCáaÝjá�Ü!Û`ò�âKê£êZëeÝ�æ�Û`é@â£ã�é(æ�Û�Ümé@Ý�ç@ÝsÛmâ£ã�á(æCê£êKà&ò
Ûjô
}
à&ò�Ýjï�ÝjåIî�Ümé@â:Ûªæ+èaè@åmà�æCß�é�â:ÛGñ@áaç�ÝIÛ)âKå�æ+ë@êKÝóëlÝsßsæ+ñaÛmÝ¨â�ÜÎç�à�ÝsÛ-á@àCÜ6Ü!ÝsÛ)ÜGÜmé@Ý¨âKá�Ü!ÝjåmäbæCßjÝ
ëlÝ A
Ücò�ÝjÝjá
ßRàCá�Ü!åmà�ê£êKÝjå%æCáaçÎç@æ+Ü!æCèaæ&Ü!é�î�æ+áaçªëlÝsßsæ+ñaÛmÝ
â£Ü�å!Ý�J�ñ@âKå!ÝsÛ%æ�êKæCåmã�Ý�æ+ÞGà�ñ@á�Ü%à+ä�âKáaÛmÝjåmÜmâKàCá�ô
õ`é@ÝIÛ)ÝTç�â:Ûmæ�ç�ï&æ+á�Ü!æCãCÝIÛ�æCåmÝTæ�ç@ç�å!ÝsÛ!Û)ÝIçÎë�Ú
æGßRà�ÞGè@ê£ÝjÜmÝsê£ÚÎâKá�ÜmÝsãCå�æ&ÜmÝIç
æCè@è@å!à�æ�ß�é�î�æCÛ�Ûmé@à&ò�á
âKá I â£ã�ñ@å!Ý 	aô"8\áùæ+áùâ£á�Ü!ÝjãCå�æ&Ü!Ýsç�æCè@è@å!à�æ�ß�é�îaÜ!é@ÝGßRàCá�Ü!åmà�ê£êKÝjå�A~çaæ&Ü!æCèaæ&Ü!é=èaæ+âKå.âKÛ�Ümå!Ýsæ+ÜmÝIçiæCÛ
æ+á(âKáaÛ)Ýsèaæ+å�æ+ëaê£Ý©ñ@á@â£Üsîeæ+áaçóÜmé@Ý©Ücò�àGèaæ+åmÜ!Û�æCåmÝ.Ü!ÝsÛ)ÜmÝsç¨Ûmâ£Þ6ñ@ê£Ü!æ+áaÝjàCñeÛ)êKÚCô
��á@Ý
ÞGà+Ü!â£ï&æ&Ü!â£à�áGä*àCåUÜ!åmÝIæ&Ü!â£á@ã6æ�ßRà�á�Ü!åmà�ê£êKÝjå�A\ç@æ&Ü�æ+èaæ+Ümé�èeæ+âKå�æCÛ%æ+áªâKá�Ü!Ýjã�å!æ+ÜmÝsçGÛmÚ�ÛcÜ!ÝjÞ âKÛ

Ûmé@à&ò�á�âKá I âKãCñ@å!Ý meô1õ`é@ÝB_aã�ñ@åmÝ�Û)éaà&ò
Û^æ.ßRà�á�Ü!åmà�ê£êKÝjå1æ+áaç6ç@æ&Ü�æ+èaæ+Ümé�î&ò�â£ÜméGæ.Û)âKá@ãCêKÝ�ßjàCá�Ümå!àCê
êKâ£á@Ý=Ý�D�ÜmÝjáeç�â£áaãðä*åmà�Þ àCá@Ý¨Ü!àíÜmé@Ý�àCÜmé@Ýsåsô�8\á æ+á âKáaç�ÝsèeÝsáaç�Ýjá�ÜÎÜ!ÝsÛ)ÜÎà+ä�Ümé@ÝißjàCá�Ümå!àCêKêKÝjåIî
ÜméaâKÛ�ê£âKá@Ýªò�àCñ@ê:çíëeÝªÜ�æ+è@èlÝsç�Ûmà¨Üméeæ&ÜTÜméaÝÎàCñ�Ü!è@ñ�Ü�àCä�Ü!é@ÝóßjàCá�Ümå!àCêKê£Ýså�ßRà�ñ@êKçíëlÝªàCëaÛmÝjå!ïCÝIç
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control line

to MISR

CONTROL DATAPATH
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«@yWzE�j°I� «+}��E� tPwcx)�Ru)|[}�z�u1wc�E|b�Ru)qa{Kx�|at[�Iu^�&}!t[}��&}!tN��}�oE�`t[�Iu^wcx�oRt[|Nx��W�Wu)|ex�{�}��Iy ¢�uc|Nu)oRtNy�}��Cu&%j�&}!tNyWx�o�q[x�� �Ruc|m�
�Z�Euco�tNucqNtNu)�.q[uc�&}�|~}!tNuc� r©}�oI���Z�Euco.tNu)qbt[uc�.tNx�z�u\t[�Iu)|1}�q^�E}�yW|m�
ç�âKåmÝIß�Ü!ê£Ú�ë�ÚiæCáZ<O8)ÙSoTô*�%ïCÝjáùÜméaàCñ@ã�éíÛmñaß�éðæ+áðæ+å!å!æCá@ãCÝsÞ-Ýsá�Ü.æ+êKêKà&ò
Û©ãCà�à�ç�àCëeÛ)Ýsåmï&æ&Ü!â£à�á
à+ä`Ü!é@ÝóßRà�á�Ümå!àCêKê£ÝsåsîZÜmé@ÝsåmÝÎâ:Û�Û)ÜmâKêKê�æ=ÛmÝjãCÞGÝsá�Ü6à+ä`Ümé@Ý
ßRàCá�Ü!åmà�ê ê£âKá@Ý�î1Ûmé@à&ò�á�àCáíÜ!é@Ýl_aã�ñ@å!Ý
æCÛ©æ(ç�à+ÜmÜmÝIçiêKâ£áaÝCî�Ü!éaæ&Ü�ßjæCáiá@àCÜTëeÝGàCëeÛ)Ýsåmï�Ýsç�ô�õ`é@â:Û©ßRà�á�Ü!åmà�ê�ê£âKá@ÝGÝ D�ÜmÝsáaç@Û�äbæ+å©âKá�Ümà
Ümé@Ý
ç@æ+Ü!æ+èeæ&ÜméZîZæ+áaçùÞªæEÚ�ßRà�á�Ü!åmà�ê�Þ�ñ@ê£ÜmâKè@êKÝ-å!Ýjã�âKÛ)ÜmÝså!Û.æ+áeçs:óàCå©Þ6ñ@ê�Ü!â£èaê£Ý�D�Ýså!Ûsô)� ïCÝsáiâ£ä�èaæCå)Ü
à+ä.ÜméaÝ�Û)ÝsãCÞGÝjá�ÜªâKÛªÜmÝsÛ)ÜmÝIç ç�ñ@å!â£á@ãíÜ!é@Ý=ÜmÝIÛcÜÎàCä�Ü!é@Ý�ç@æ+Ü!æ+è@Ümé�î�â�ÜÎâ:ÛÎç�â£÷ÎßRñ@ê£ÜÎÜ!àíÝsáaÛmñ@åmÝ
ßRà&ï�Ýjå�æ+ã�Ý�à+ä�Ü!é@ÝTßRàCÞGè@êKÝRÜ!Ý�êKâKá@ÝCô�8\á(èaæ+åmÜmâ:ßRñ@ê:æ+åIî�ÜmÝsÛ)ÜmâKá@ã6Ümé@Ý.êKâ£á@ÝTæ�Û�æ-Û)ÝsåmâKÝsÛ�à+ä1Û)ÝsãCÞGÝjá�Ü!Û
ÞªæEÚ�ÞGâKÛ!ÛUè@å!àCëaê£ÝsÞGÛUç@ñ@Ý`Ümà©è@é@Ýsá@àCÞGÝsáaæ©ê£â 0CÝ�ßjåmà�ÛmÛ)Ü!æCê�0Pî&å!Ý >aÝIß�ÜmâKàCáGæ+áeç-ÛmâKãCáaæCê@Û�0�Ýjò$Ü!éaæ&Ü
Ûmé@à&òöñ@è-àCáaê£Ú�ç@ñ@åmâKá@ã©àCèlÝjå�æ&Ü!â£à�á�àCäeÜ!é@Ý�à&ïCÝså!æCê£ê�Û)Ú�Û)ÜmÝsÞ(ô�F
àCÜmÝ�Üméeæ&Ü â£äeÜ!é@Ý�ßRàCá�Ü!åmà�ê£êKÝjåUæ+áeç
ç@æ+Ü!æ+èeæ&Üméíæ+å!Ý6ê:æ+â:ç�à�ñ�ÜTâ£áðÛmÝjèaæCå!æ+ÜmÝ�ëaê£à�ß�0�ÛjîPÜ!é@ÝªßRà�á�Ü!åmà�ê^êKâKá@ÝsÛ.ÞªæEÚ=ëeÝGàCä�Ûmâ£ã�á@â%_lßjæ+á�Ü!ê£Ú
êKàCá@ã�ÝjåUêKÝjá@ãCÜmé-ÜméaæCá6àCÜmé@Ýså ò�âKåmÝIÛjîCæCáaç-ÞªæEÚTÜmé@ÝsåmÝjä*àCå!Ý`ëeÝ�ÞGàCå!Ý�Û)ñeÛmßjÝjè�Ü!â£ë@êKÝ`Ümà©äbæCñ@ê£Ü!Ûsôf@�Ú
ç�à�â£á@ã-æ+á
â£á�ÜmÝsãCå�æ&Ü!ÝsçGÜ!ÝsÛ)Üsî�ä*àCå�ò�é@â:ß�éóò�Ý�à�ëaÛmÝjå!ïCÝ�Ü!é@Ý.ßjàCá�Ümå!àCêKêKÝjå�N;P�R�T,U$V7PTÜ!é@Ý©ç@æ&Ü�æ+èaæ+Ümé�î
ò�Ý.ÝsáaÛmñ@åmÝ.Ü!éaæ&Ü
ò�Ý.ÜmÝsÛ)Ü�ÜméaÝ�X�� N��QR�X
ßRàCá�Ü!åmà�êlêKâKá@ÝCô

I âKãCñaåmÝl5(ñaÛmÝsÛTæ¨ç�â�MlÝsåmÝsá�Ümâ:æ+ê ÝCJ�ñeæ&ÜmâKàCáðÛmàCêKïCÝjåTæ�ÛTæ+áðÝ D@æ+ÞGè@êKÝ-Ümà�ßjàCÞGèaæ+å!ÝGÛ)Ýsèaæ+å�æ&Ü!Ý
æ+áeçGâ£á�ÜmÝsãCå�æ&Ü!Ýsç6ÜmÝIÛcÜ!â£á@ã�à+ä�æ�ßRà�á�Ümå!àCêKê£Ýså�A\ç@æ&Ü�æ+èaæ+Ümé6èaæ+âKåsôUÙ�Ýsèaæ+å�æ&Ü!Ý`äbæ+ñ@ê£Ü�ßjà&ïCÝjå�æ+ã�Ý�ßjñ@å!ïCÝsÛ
æ+å!Ý6Ûmé@à&ò�á=ä*à�å.Ümé@ÝGç@æ&Ü�æ+èaæ+ÜméiæCáaçißjàCá�Ümå!àCêKêKÝjåIôz]�Û.ßsæ+áùëeÝGÛ)ÝsÝjáiä*åmà�Þ Ü!é@ÝªßRñ@å!ïCÝIÛjîeäbæ+ñaê�Ü
ßRà&ï�Ýjå�æ+ã�Ý�â:Û�ç�ÝsãCå�æCç�ÝIçóò�éaÝjá¨ÜméaÝ�ç@æ&Ü�æ+èaæ+Ümé�æCáaç¨ßRàCá�Ü!åmà�ê£êKÝjå
æCåmÝ©Ü!ÝsÛ)ÜmÝsç(Ü!àCã�ÝRÜméaÝjåIø@ÜméaâKÛ�âKÛ
ëlÝsßjæCñaÛmÝ`ßjàCá�Ümå!àCêKê:æ+ë@âKê£â£ÜcÚ�æ+áeç�à�ëaÛ)Ýsåmï&æCë@â£êKâ£ÜcÚTà+älÜmé@Ý
ßjàCá�Ümå!àCê�æ+áeç6Û)Ü!æ+ÜmñaÛ�êKâ£áaÝsÛ æCåmÝ�åmÝIç�ñaßjÝsç�ø
âKáÎÜméaÝ.âKá�ÜmÝsãCå�æ&ÜmÝIçGÜmÝIÛcÜIî�Ümé@ÝIÛ)Ý.êKâ£á@ÝIÛ`æ+å!Ý�á@à-ê£à�á@ãCÝså�ç�âKå!Ýsß�Ü!ê£ÚÎæ�ßjßjÝsÛ!Û)âKë@êKÝCôUõ`é@Ý.ãCà�æCêeàCä�ÜméaâKÛ
å!ÝsÛmÝsæ+å�ß�é�â:Û�Ü!à�æCß�é@âKÝjï�Ý�æ©éaâ£ã�élJ�ñeæ+êKâ�ÜcÚ�âKá�ÜmÝsãCå�æ&ÜmÝIç6ÜmÝsÛ)Ü ë�Ú�à&ï�Ýjå�ßRàCÞGâKá@ã�Ümé@ÝIÛ)Ý
ç�â£÷ÎßRñ@ê£ÜmâKÝsÛsô
õ`é@âKÛ
ò�à�å�0(ßRàCáeßRÝjá�Ü!å!æ+ÜmÝsÛ`Ý�D@ßRêKñaÛ)âKïCÝsê£ÚóàCá(Ümé@Ý�ÜmÝsÛ)Ü�àCä^Ü!é@Ý�ßRà�á�Ümå!àCêKê£Ýså�â£á�æCá(âKá�ÜmÝsãCå�æ&ÜmÝIç

Ýjá�ï�âKåmà�á@ÞGÝjá�Üsô,õ`é@Ýðä*à�ßRñeÛ¨âKÛ=à�á Ýsá@éaæCáaßRâKá@ã ÜméaÝ�àCëaÛmÝjå!ï&æ+ë@âKê£â£ÜcÚ à+ä-ÜméaÝ$ßRàCá�Ü!åmà�ê.êKâKá@ÝsÛ
Üméaåmà�ñ@ãCéóÜmé@ÝTç@æ+Ü!æ+èeæ&ÜméóÜmé@å!àCñaãCéªÜ!é@ÝTæCç@ç�â£ÜmâKàCá(à+ä1Û)à�Þ-Ý.Ý D�Ü!å!æ6ê£à�ãCâ:ß�Ü!à6Ü!é@ÝTÛ)Ú�Û)ÜmÝsÞ(ôUõ`é@Ý
ò�àCå�0íßjàCÞGè@êKÝjÞGÝjá�Ü!Û-è@å!Ýjï�âKàCñaÛ6ò�àCå�0lî�å!ÝjèlàCåmÜmÝIç�â£á 1���æ+å!ê£ÝjÜ)Ü!æùæ+áaç �Uæ+èaæ�ß�é@åmâ:Û)ÜmàCñ úC4$4�GC6~î
Üméeæ&Ü�ç�ÝsïCÝjêKàCèeÛ.æ¨Û!ß�é@ÝjÞGÝGñ@áaç@ÝjåTò�é@â:ß�éíÜmé@Ýªç@æ+Ü!æ+èeæ&ÜméðßjæCáùëlÝGÜmÝIÛcÜ!ÝsçíâKáðæCáùâKá�ÜmÝsãCå�æ&ÜmÝIç
ò`æEÚCôf8\áÎÜméeæ&Ü`ò�à�å�0Pî�Ümé@Ý©ç@æ&Ü�æ+èaæ+ÜméÎâ:Û�Ý D�Ýjå�ßRâ:Û)ÝIçÎæCßsßRà�å!ç�âKá@ãTÜ!à6â£Ü!Û�á@à�åmÞªæ+êlëlÝjéaæEï�âKàCå%ÝsïCÝsá
ç�ñ@å!âKá@ã�Ü!ÝsÛ)Üsø@ã�ñ@â:ç�ÝjêKâ£áaÝsÛ�ëaæCÛmÝsç
àCá
é@âKãCéSA~ê£ÝsïCÝsêeÜ!ÝsÛ)Ü!æCë@â£êKâ£ÜcÚÎÞGÝRÜmå!â:ßjÛ�æ+å!Ý�ã�â£ï�Ýjáóä*àCå�ÞGà�ç�â�ä*ÚHA
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controller-functionally
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MS       , RLi-1 i-1

MS       , RLi+1 i+1

MS  , RLii

i-1S

S i

S i+1

...
...

i-1S

S i

S i+1

MS       , 1i-1

MS       , RLi-1 i-1

MS  , RLii

iMS  , 1

MS       , RLi+1 i+1

i+1MS       , 1

...
...

(b) operation during testing of controller(a) normal mode operation

MS = mux select

RL = register load

S = controller state
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r OR gates

m XOR gates
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r

DatapathController

Test_Mode
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mask
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CTL_Clock
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RL*
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1 1

MS MS

[R] [R]

1 0

MS MS

[R] [R]

1 1

MS MS

[R] [R]

s-a-1 on RL

1 1

MS MS

[R] [R]
f f

ff

s-a-0 on RL

Fault-free Circuit

Result when
register "R"

is observed

Content of 
register "R"

MS
i

RLi

s-a-0 on RL is detected

s-a-0 or s-a-1 on MS is detected

Faulty Circuit

s-a-0 or -1 on MS

s-a-1 on RLs-a-0 on RL

Fault-free Circuit

Result when
register "R"

is observed

Content of 
register "R"

MS
i

RLi 1 0

MS MS

[R] [R]

1 0

MS MS

[R] [R]

1 1

MS MS

[R] [R]

1 0

MS MS

[R] [R]
f f

ff

s-a-0 or s-a-1 on MS is detected

Faulty Circuit

s-a-0 or -1 on MS

s-a-1 on RL is detected

(a) for the case in which "R" is supposed to load.

(b) for the case in which "R" is not supposed to load
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MS3
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RL2
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An active path
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