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 Maximal Vector Sense Backward Errors

 over about 20K perturbations

 Each data point represents a maximal value
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 Maximal Component Sense Backward Errors

 Each data point represents a maximal value

 over about 20K perturbations

�«ä�ßpæ�ë$ç 
 �E�����Öü%�+� 	 Ù�
�à�çqâ¢ëQíQè�çqà%ñIÜDëFÚ�â¢ë$ßDç�í®ÜpïMøjÜpÞ�çqÞ�á�ð}à$çqÞ�à�çhé�âDíQùvê�â¢ëQã çSë$ë$ÜDëQà
ñ¨ÜDë 1 � � @X÷�âDÞ�ã 58MON � �O)T��� )#âDÞ�ã �����dô���âDíQè ã�â¢á$âMøjÜpä�Þvá�ë$çSø�ë$çqà�çqÞvá$à%âMïÖâ���ä�ïÖâDÚ
é�âDí$ùXê.â¢ëlãKçSë$ë$ÜDë�ñ¨Üpæ�Þ�ã=ä�Þ�ç��dâDï�ä�Þ�â¢á$äÝÜpÞ=ÜDñ«Ü{óDçSë�
����0çqä�ßDçqÞ�ø�ë$ÜDé�Ú�çqïÖàSô

	 Üìñ æ�ë$á$è�çSë1à�á$æ�ã�ö�á$è�ç�ç��jçqí®á$à ÜDñ%ä�Þ�í®ë$çqâDàQä�Þ�ß 1�ÜpÞ�á$è�ç7âDÚÝßDÜDëläÝá$è�ï � à�óDçqí®á�ÜDë�ð
à�çqÞ�à�çMà�á$â¢é�ä]Ú�äÝá}öD÷'ê.ç âDÚ]à�Ü�ëlâDÞ á�çqà$á$à�ê�äÝá$è 1 � ���=âDÞ�ãE5 MON � �¢ôQ
�âDí$ùXê�â¢ëQãìçSë$ë$ÜDë
çqà�á$ä�ïÖâ¢á�çqà7ñIë$Üpï â¢ø�ø�ë$Ü ��ä�ïÖâ¢á�çqÚÝö9A������ çqäÝßDçqÞ�ø�ë$ÜDé�ÚÝçqïÖà�â¢ø�øjçqâ¢ë�í®ÜpïMø�â¢ëlâ¢é�ÚÝçKá�Ü
á$è�Üpà�ç�ê�äÝá$è�á$è�ç*à$ïÖâDÚ�ÚÝçSë
óHâDÚ]æ�çqà�ÜDñ 1°ô ��Ü�ê
çSóDçSëq÷�á�çqà�á$à�í®Ü{óDçSëQä�Þ�ß1ÜpÞ�ÚÝöÖâ1ñ¨çSê�à$ïÖâDÚ]Ú
óHâDÚ�æ�çqà�ÜDñ 1 â¢ë$ç�ä�Þ�à$æ7��íSäÝçqÞvá%ñIÜDë6ã�ëQâqê�ä]Þ�ßÖßDçqÞ�çSëQâDÚ«í®ÜpÞ�íSÚ�æ�à$äÝÜpÞ�à%â¢éjÜpæ�áFá$è�ç1ç��'çqí®á
ä�Þ�í®ë$çqâDà$ä]Þ�ß 1�è�âDà|ÜpÞ¡âDÚ�ßDÜDëQäÝá$è�ï à�á$â¢é#ä�Ú�äÝáwöDô

�bäÝßpæ�ë$ç 
�àQæ�ïÖïÖâ¢ëQä�ûSçqà�á$è�çìí®ÜpïMøjÜpÞ�çqÞvá�ð}à�çqÞ�à�çìà�á$â¢é�ä]Ú�äÝá}ö²á�çqà$á$à�ñIÜDë 1 � � @Xô
ÙFÚÝá$è�Üpæ�ßpè í®ÜpïMøjÜpÞ�çqÞ�á�ð}à$çqÞ�à�ç�à�á$â¢é�ä�Ú�ä�á}öhä�à«âFà$á�ë$ÜpÞ�ßDçSë°á}öXøjç
ÜDñ#à�á$â¢é�ä�Ú�ä�á}öD÷DïMÜpà�á«á�çqà�á$à
è�âDã¡ëQçqà$æ�ÚÝá$à%í®ÜpïÖø�â¢ëQâ¢é�ÚÝç�á�Ü�óDçqí®á�ÜDë$ð}à�çqÞ�à�ç á�çqà�á$àSô�ü�Þ¡ø�â¢ë$á$ä�íSæ�Ú]â¢ëq÷�ñIÜDë 58MON � ��âDÞ�ã
1 � � @�ÜpÞ�ÚÝö á$è�ë$çSç çqà�á$ä�ïÖâ¢á�çqà�ÜDñhâ�èXæ�Þ�ã�ëQçqã_ê
çSë$ç�à$äÝßpÞ�ä(X#íSâDÞ�á$Ú�ö è�ä�ßpè�çSëÖá$è�âDÞ
â à$ïÖâDÚ�Ú*ï1æ�ÚÝá$ä�ø�ÚÝç�ÜDñ�á$è�ç�ïÖâDíQè�ä]Þ�ç�ø�ë$çqíSä�àQäÝÜpÞ"ô 	 è�ä�à=ä�Þ�ã�ä�íSâ¢á�çqà�á$è�â¢áKÜpÞ3ê
çqÚ�ÚÝð
í®ÜpÞ�ã�äÝá$äÝÜpÞ�çqã ø�ë$ÜDé�ÚÝçqï�à 
������5��ê�ä�Ú�Údæ�à$æ�âDÚ�ÚÝöhë$çSá$æ�ëQÞ çqäÝßDçqÞvóHâDÚ�æ�çqà°ÜDñ'è�äÝßpè ë$çqÚ�â¢á$äÝóDç
âDíSíSæ�ëQâDí®öDô � âDÞvö�ÜDñ�á$è�çMí®ÜpïMø�æ�á�çqãìñ¨ÜDë$ê�â¢ëQãìçSë$ëQÜDëQà�ê
çSëQç í®ÜpïÖø�â¢ëQâ¢á$äÝóDçqÚÝöìÚ�â¢ë$ßDçD÷
ä�Þ�ã�ä�íSâ¢á$ä]Þ�ß*á$è�â¢á.á$è�ç6ä]Þ�äÝá$ä�âDÚ�Ú�ö�ê.çqÚ�Ú�ð}í®ÜpÞ�ã�ä�á$äÝÜpÞ�çqãMø�ëQÜDé�ÚÝçqïÖà°ê.çSë$ç6øjçSë$á$æ�ë$éjçqãMá�Ü1éjç
ø'ÜXÜDëQÚÝö7í®ÜpÞ�ã�äÝá$ä�ÜpÞ�çqã=ä�Þ�á$è�çhí®Üpæ�ëlà�çhÜDñbá$è�ç*ÜDø�á$ä�ï�äÝûqâ¢á$äÝÜpÞ"ô

	 è�çqà�ç|á�çqà$á$à�â¢ø�øjçqâ¢ëbá�Ühø�ë$Ü�óXä�ã�ç.à�á�ëQÜpÞ�ß*çSóXä]ã�çqÞ�í®ç�ÜDñN

������� � à°à$á$â¢é�ä�Ú�äÝáwöhê�è�çqÞ

�T




à$ïÖâDÚ�Úbá�ÜpÚÝçSëlâDÞ�í®çqà*ÜpÞ�á$è�çÖï1æ�ÚÝá$ä�ø�Ú�äÝçSëQàFâ¢ë$çÖæ�à�çqãAô=��æ�ë$á$è�çSëq÷AâDÚ]ÚÝÜ{ê�ä]Þ�ß=Ú�â¢ë$ßDçSë�þIé�æ�á
é'Üpæ�Þ�ã�çqãz�«ï1æ�ÚÝá$äÝø#Ú�äÝçSëQà°ã�ÜXçqà�Þ�ÜDá
â¢ø�øjçqâ¢ë.á�Ü�íSâDæ�à�ç�â�àQæ�ã�ã�çqÞÖíSâ¢á$âDà$á�ë$ÜDø�è�ä�í6ÚÝÜpà$à�ÜDñ
à�á$â¢é�ä�Ú�ä�á}öDô

� �?ÕHW D�ÒAØ$× G ��� P LND�Ò��
G.Ñ"Ø$Ó6Ð LòÓ�� E G|×�� �;G|Ò"Ô �*Ñ G PMØ��QØ�Ñ��
ü�Þìø�ëQçSóXäÝÜpæ�à�ê.ÜDë$ù þ.�FÜ{ê.çqÚ�Ú ÷ ,6çqä�à�áS÷ ��ä�âDâ�ÿ��T
����l÷4ê
çÖã�çqàQí®ëQäÝéjçqã â�ÞXæ�ï�é'çSë�ÜDñ.Þvædð
ïMçSëQä�íSâDÚXç��dø'çSëlä�ïMçqÞvá$à�ä�Þ�ê�è�ä]íQè1â*��ÜDë$á�ëQâDÞ ����óDçSëQà$äÝÜpÞ1ÜDñO
������5�*ñIÜpÚ�ÚÝÜ�ê
çqã1éXö � õ
äÝá�çSëQâ¢á$äÝÜpÞ ë$çSá$æ�ëQÞ�çqã1óDçSë$ö Þ�çqâ¢ëQÚÝöhá$è�ç�àQâDïMç|çqäÝßDçqÞvóHâDÚ�æ�çqà°âDàbá$è�ç ��ü����jÙ��
�©ë$Üpæ�á$ä�Þ�ç
��ú � ������ñIÜpÚ�ÚÝÜ�ê
çqãhévö � õ�äÝá�çSëQâ¢á$äÝÜpÞ"ô 	 è�ç°ç��døjçSëQä�ïMçqÞvá$àAã�ä�àQíSæ�à$à�çqã*è�çSëQç�â¢ë$ç�ê�äÝá$è
â � Ù 	 ú4Ù�
 óDçSëQàQäÝÜpÞ�ÜDñ 

�������jô 	 è�ç � Ù 	 ú�Ù�
 óDçSëQà$äÝÜpÞ�çqà�á$ä�ïÖâ¢á�çqà Þ�ÜDá�ÜpÞ�ÚÝö
á$è�ç�ç��Xá�çqÞvá á�Ü�êFè�ä�íQè â¢ø�ø�Ú]ä�íSâ¢á$äÝÜpÞ�ÜDñ�

���
����ø�ë$çqà�çSë$óDçqà1çqäÝßDçqÞvóHâDÚ]æ�çqàS÷�é�æ�á�âDÚ�à�Ü
í®ÜpïMø�æ�á�çqà�é�âDí$ùXê.â¢ëlã=çSë$ë$ÜDëq÷�âDÞ�ã=ÜDá$è�çSë�åXæ�âDÞvá$äÝá$äÝçqà%à$æ�íQè=âDà%Ü�óDçSëQâDÚ�ÚAí®ÜpÞ�ã�äÝá$äÝÜpÞ�ä]Þ�ß
ÜDñ«á$è�çhà$ä�ïÖä�Ú]â¢ëQäÝá}ö�á�ëQâDÞ�à�ñIÜDëQïÖâ¢á$äÝÜpÞ�à%âDÞ�ã=ÜDé�à$çSë$óDçqã=çqÚÝçqïMçqÞvá%ßDë$Ü�ê%á$è"ô

� Ù 	 ú4Ù�
	é�âDí$ùXê.â¢ëlãìçSë$ë$ÜDëQà�ê.çSë$çÖí®ÜpïMø�æ�á�çqã�ä�Þìà�çSóDçSëQâDÚ°ê�âqödàSô ÙFà$àQæ�ïMç �ä�à6á$è�ç é�âDÞ�ã�çqã ��çqàQà�çqÞ�éjçSë$ß�ïÖâ¢á�ëQä(�¡ø�ë$Üdã�æ�í®çqã évö-
������5�KñIë$Üpï � ô�Ù X�ëQà$á6â¢ø�ðø�ë$ÜpâDíQè ä�à�á�Ü�â¢ø�ø#ÚÝö�ä�Þ�ëQçSóDçSëQà�çhá$è�ç ,*âDæ�à$à$ä�âDÞKá�ëQâDÞ�à�ñIÜDëQïÖâ¢á$äÝÜpÞ�à|æ�à�çqã=éXöR

�������
á�Ü7í®ÜpÞvóDçSë$á � é#âDí$ùKá�Ü7âDÞ¡â¢ø�ø�ëQÜ ��ä�ïÖâ¢á�ç *� ô
#�ç�á$è�çqÞKá$â¢ùDç á$è�çhé�âDíQùvê�â¢ëQã çSë$ë$ÜDëâDà	� � *� � � âDÞ�ãKçqà�á$ä�ïÖâ¢á�ç�ä�á$à%à$äÝûSçhâDà

W � W J W �
W

#�ç�âDÚ�à�Ü7çqà�á$ä�ï�â¢á�çqãìé�âDí$ùXê.â¢ëlã�çSë$ë$ÜDë�éXö¡á$è�ç ñIÜpÚ�ÚÝÜ{êFä�Þ�ß�ïÖçSá$è�ÜXãAôQ#�çMá�ëQâDÞ�à�ð
ñ¨ÜDëQïÖçqã � á�Ü é�âDÞ�ã�çqã �Fçqà$à�çqÞvéjçSë$ß � ÷�à$â{óXä�Þ�ß ï1æ�ÚÝá$ä�ø�Ú�äÝçSëQàq÷pá�ÜvÜDù�ëQâDÞ�ã�Üpï çqÞvá�ëQäÝçqàé'çSáwê
çSçqÞ�ïÖä�ÞXæ�à6ÜpÞ�çÖâDÞ�ã�ÜpÞ�çÖä�Þ�âDÚ�Ú°Þ�ÜpÞ�ûSçSëQÜKÚÝÜXíSâ¢á$ä�ÜpÞ�à�ÜDñ � ÷4â¢ø�ø�Ú�äÝçqãìâ�é�âDíQù�ðê.â¢ëQã�à$ä�ïÖä]Ú�â¢ëQäÝáwö�á�ëQâDÞ�à$ñ¨ÜDëQï�â¢á$äÝÜpÞ"÷vâDã�ã�çqãÖæ�Þ�ä�ñ¨ÜDëQï�ÚÝö�ã�ä�à$á�ëQäÝé�æ�á�çqã ëlâDÞ�ã�Üpï çqÞvá�ëQäÝçqà
çqåvæ�âDÚ]ÚÝö�Ú�äÝùDçqÚ�öhá�Ü*éjç.øjÜpà$ä�á$äÝóDç
ÜDë�Þ�çSßpâ¢á$äÝóDç%á�ÜhíSæ�ë$ëQçqÞ�á°Þ�ÜpÞ�ûSçSëQÜ�Ú�ÜXíSâ¢á$äÝÜpÞ�àS÷pâ¢ø�ø�Ú�ä�çqã
á$è�ç�Þ�ç��dá*é�âDí$ùXê�â¢ëQã�à$ä]ïÖä�Ú�â¢ëQä�á}öKá�ëQâDÞ�à�ñ¨ÜDëlïÖâ¢á$äÝÜpÞ"÷AçSá$í¢ô 	 è�çMë$çqàQæ�ÚÝá$ä�Þ�ß�é�âDíQùvê�â¢ëQã
çSë$ë$ÜDë°ïÖâ¢á�ëQä��hê�âDà«á$è�çqÞ1Þ�ÜDëQïÖâDÚ�ä�ûSçqã�éXöhï�æ�ÚÝá$äÝø�ÚÝödä�Þ�ß|éXö�
 � ��� ��� � âDÞ�ã�á$è�ç.é�âDíQù�ð
ê.â¢ëQã�çSë$ë$ÜDëhßpä�óDçqÞ�âDà

W � W J W �
W
ô��.ÜpïMø�æ�á�çqã�é�âDí$ùXê.â¢ëlã�çSë$ëQÜDëQà*éXö�á$è�ç�à�çqí®ÜpÞ�ã

ïMçSá$è�Üdã�ê.çSë$ç�à�ÜpïMçSêFè�â¢á�Ú�â¢ë$ßDçSë�á$è�âDÞ�á$è�Üpà$çÖñ¨ëQÜpï,á$è�çHX�ëlà�áhïMçSá$è�Üdã�é�æ�áhåvæ�ä�á�ç
í®ÜpïMø�â¢ëQâ¢é�Ú�çDô
ü�Þ �bäÝßpæ�ë$ç �X÷Fê.ç�ø�ÚÝÜDá � Ù 	 ú4Ù�
,í®ÜpïMø�æ�á�çqã�í®ÜpÞ�ã�äÝá$äÝÜpÞ�ä�Þ�ß�ÜDñ W � W

ê�è�çqÞ

������5�hä�à�â¢ø�ø�Ú�ä�çqã�á�Ü6ïÖâ¢á�ëlä�í®çqà4êFäÝá$èhçqÞvá�ëQäÝçqà�ã�ëQâqêFÞhñIë$Üpï�âFæ�Þ�äÝñIÜDëQï3ã�ä�à�á�ëQäÝé#æ�á$äÝÜpÞ
é'çSáwê
çSçqÞ ð1�KâDÞ�ã �¢÷.á$â¢ùXä]Þ�ß�á$è�ç=ó¢â¢ëQä�âDÞ�í®ç=ÜDñ�ï�æ�ÚÝá$äÝø�Ú�ä�çSëQàhá�Ü�éjç�éjÜpæ�Þ�ã�çqã éXö �
þS5 MON � ����âDÞ�ã �����_þS58MON � ����� ��ë$çqà�øjçqí®á$äÝóDçqÚÝö²ô ��ÜDë çqäÝá$è�çSë íSâDà�çD÷�á$è�ç7à$Ú�ÜDø'ç�ÜDñ
á$è�ç¡íSæ�ë$óDç¡ÜpÞ²á$è�çKÚÝÜDß¢ð}ÚÝÜDß�ø�ÚÝÜDáÖä�àMâ¢éjÜpæ�áÖáwê
Ü�÷|ä�Þ�ã�ä�íSâ¢á$ä�Þ�ß�á$è�â¢áÖá$è�ç (1M 1 � 3 þ � �ä�Þ�í®ë$çqâDà�çqà%ø�ë$ÜDøjÜDë$á$äÝÜpÞ�âDÚ]ÚÝöÖá�Ü"1!31ô
ü�ÞP�«ä�ßpæ�ë$ç <�÷�í®ÜpïMø#æ�á�çqãMé�âDíQùvê�â¢ëQãÖçSëQë$ÜDë � � � � �

��� ä]àbø�ÚÝÜDá�á�çqãMñIÜDë 58M+N � �
âDÞ�ã 5 MON � �����=âDÞ�ãìßDÜXçqàhâDà*á$è�çMà$åXæ�â¢ë$ç ÜDñ�ïÖâ¢á�ëQä��ìà$äÝûSçDô 	 öXø�ä�íSâDÚ�Ú�öD÷jä]Þ�í®ë$çqâDà$ä�Þ�ß5 MONbâDÚ�ÚÝÜ�ê�à|é�âDíQùvê�â¢ëQãKçSëQë$ÜDë�âDÞ�ãKí®ÜpÞ�ã�äÝá$äÝÜpÞ=ÞXæ�ï�é'çSëlà�á�Ü�ä�Þ�í®ë$çqâDà$çDô

� �



1 1.2 1.4 1.6 1.8 2 2.2
0

1

2

3

4

5

6

7

Log 10 of Size of Randomly Generated Matrices

 L
og

 1
0 

of
 C

on
di

tio
n 

of
 S

im
ila

rit
y 

T
ra

ns
fo

rm
at

io
ns

 

 Matrix size vs. Conditioning of Overall Similarity Transformations 
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 Matrix size vs. Double Precision Backward Error
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 Computed Backward Error, Observed Error, and an Inexpensive Estimate

x − Maximal Computed Errors in Eigenvalues

o − Computed Backward Error

 + − Matrix size * sqrt(N) * Maximal Element of H 
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