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Distribution of process lifetimes (log plot)
(fraction of processes with duration > T)
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Loads at hosts under TAGS−opt−slowdown: 2 hosts, load .5

alpha

− Load host 1

−− Load host 2

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Loads at hosts under TAGS−opt−waitingtime: 2 hosts, load .5

alpha

− Load host 1

−− Load host 2

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Loads at hosts under TAGS−opt−fairness: 2 hosts, load .5
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Results: MEAN SLOWDOWN using TAGS−opt−slowdown: 2 hosts, load .3
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Results: MEAN SLOWDOWN using TAGS−opt−slowdown: 2 hosts, load .7
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Results: MEAN SLOWDOWN using TAGS−opt−slowdown: 4 hosts, load .3
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Results: MEAN SLOWDOWN using TAGS−opt−slowdown: 2 hosts, load .5,p =10 7

alpha

−o− Random

..o.. Least−Work−Remaining

−−o−− TAGS−opt−slowdown

`�" +!%#� ��h }#e��7K D IE N M q v M q I [ I>v K X ����� �$b$[ ����b���� [ ��Z$[ �$YG I�D-v G E C X G Y [ C K v�E K X u K X�q G C ?�+S? M E C E
q G C ?&E P E C K J N M D vd<> } C D E-O M J L D X K v q G C ?`W�X Y�Z$[ \RD I>v ��� X�� ��b ��[�� ��b W � \�X�d Y�d Y�	 � � I@C ?!G E�E K C
M o X K E [!N C E�C ?!K
� M Y�E G w K�v G E C X G Y [ C G M I7G E��: !�� ��� ��< C�q ?!K X K � �|h d � �

����	����. ����� 	��

B�(!" �1#� 1#� ��" �-" � � � � � � � " �!+R�!) ��)!�!, �6$#� � � %!� ��" �1#� )!1#) � � �-�@1#) .0� � / %!,0�!� .T� � � ;@� � � " +!�#*�� � �
1#) , " � � ��$#%!��*�)!� ��� )$#� � � %!� ��" ��� (#� , , � �!+ � ��� )!*����#� � %#� � ,�" � � %!" � " )!�!��.�(!" � (&.0��(#� ' ��� )!*���� )
�  #)!1!��) ' � �2� " *���� �0� )!*-*�)!��;!�!) .�, �  #+ � 5
B�� �  #" � " )!�#� , , � ��� (!�� � � �) / � � � ;�� � � " +!�#*�� � � ��, )!�  R$#� , � �!� " �!+@� �! @, )!�  @� (#� � " �!+7(#� ��� )!�!3

� " � � �  ) / (!� %#� " � � " � ��.�(!" � (-� � � ;�� )�$#� , � �!� ��� (!��, )!�  � *�)!�!+�� (!��*�%!, � " 1!, ��(!) � � � 5 ����� �>� )!�-� (!�
) � (!� ��(#� �! ���� 1#� � " Q#� � , , �j� � � ; �-� )7%#�!$#� , � �!� ��� (!�, )!�  ��2� �! R� )!*�� � " *�� ��� � ' � � � , �j%#�!$#� , � �!� �
� (!��, )!�  �52B�� �  #" � " )!�#� , , � �>� (!��"  #� �-) / ; " , , " �!+&��9 )!$� �! &� � � � � � � " �!+ / � )!*W� � � � � � (-)!��� #" 4�� � � � �
*-� � (!" �!�" ��'!" � .0�  R.�" � (@� ; � 1!� " � " � *���$#%!��1#) � � " $!, �R� ) , � � � $!, �" / � (!��!� .T(!) � ��" ��"  #, � 5 ����� �>�
)!��� (!��) � (!� ��(#� �! ���; " , , ��9 )!$!��� �! &� (!� �7� � � � � � � ��� (!� * / � )!*~� � � � � � (&� ���-� � � + � ��(!) � ��.�(!" � (
" ��� �#1!" � � , , �7)!1#� � � � " �!+7� ��� =!� � � *�� , �@(!" +!(7, )!�  ���*�%!� (7(!" +!(!� ��, )!�  7� (#� �&� (!�-)!� " + " �#� ,�� )!%#� � �
(!) � � 5�`�%#� � (!� � *�)!� � � ����� �&1#� )!1#) � � ��� � � � � � � " �!+�� (!��� � *���9 )!$7*�%!, � " 1!, �� " *�� � 5�B�� �  #" � " )!�#� , , �
)!1!� " *-� ,01#� � / )!� *-� �!� �� �! / � " � �!� � �-� � �-'!" � .0�  j� ��� )!���#" � � " �!+7+ )!� , � 5�� � ����� �>� / � " � �!� � �-� �! 
)!1!� " *-� , " � �&� � ��� %#� 1#� " � " �!+ , �&� , ) � � 5
� ��" ��" � � � � � � � " �!+&� )� )!�!� "  #� � / %#� � (!� ��" *-1!, " � � � " )!�!��) / � (!� � �-� � � %!, � � ��)!%!� � "  #��� (!��� � )!1#��) /

� � � ;@� � � " +!�#*�� � � 5@_0)!�!� "  #� � / )!��� =#� *-1!, ��� (!��A#%!� � � " )!�R) / � � (!�  >%!, " �!+j_HV�R�3 $#)!%#�! R9 )!$!��)!�
�� " �!+ , ��_HV�R���.�(!� � ��9 )!$!��� � �-�!) ��1#� � � *-1!� " $!, �&� �! @�!)7��1#� " )!� "2;!�!) .�, �  #+ �-" ��+ " ' � �@� $#)!%!�
� (!��9 )!$!� 5�k���Q>� � ��" ��� � � *���� (#� ��`�_0`2^�� � (!�  >%!, " �!+&" ��� (!��)!�!, �&)!1!� " )!��5BU�) .0� ' � �0" �&� (!� / � � �
) / (!" +!(9 )!$&� " � ��' � � " � $!" , " � � ��`�_0`2^&*-� �&�!) ��$#��.�" � � 5�B�(!" ��1#� 1#� ��� %!+ + � � � ��� (#� ��; " , , " �!+@� �! 

l }



� � � � � � � " �!+9 )!$!��*-� �7$#�.0)!� � (7" � ' � � � " +!� � " �!+@� ��� �@� , � � � �#� � " ' � ��" / � (!�-, )!�  R)!�7� (!�_HV�RW" �
, ) .�� �!)!%!+!(�� )�� ) , � � � � ��� (!��� =!� � ��.0)!� ;�� � � � � �  �5
B�(!" ��.0)!� ;-*-� ��� , � )�(#� ' ��" *-1!, " � � � " )!�!��" ��� (!��� � � ��) / �!� � .0)!� ; �#) . � )!%!� " �!+>52k|' � � �" �!3

� � � � � � " �!+�� � � � � �01#� 1#� ��$ �-^#(#� " ;!(��$T0� = / )!�  ��!� �! ^#(!" ��g l } i#� � ; � �2��Q>� � ��� � � 1�" ��� (!" �2 #" � � � � " )!��5
B�(!�-1#� 1#� �� #" � � %!� � � ��� )!%!� " �!+�) / � V �#) .��-: .�(!" � (7� , � )&(#� ' ��(!� � '!�!3 � � " , �  @� " � �- #" � � � " $#%!� " )!�!� <
� �! &� � � )!*-*�� �! #��� )!%!� " �!+-, )!�!+��#) .��0 #" 4�� � � � � , � / � )!*~� (!)!� � �#) .�� 5

� �	� �0��������� �

� � � ��j W��?� ��z \���_ ` e	� 
 � z \ s.j a a k�� � � i�i�is k \ Y s W ^ c� f�` Y j ] [ W \ � Y _ ` e � p 
 � � p 
 � s j a f�m u � 
 
 � s
� � � � c k(W _ Y Z f*k c a ] [ o ` a a j W �#y�� n ` Y ] m ] a e s
j a a k�� � � i�i�is [(` \ s [(` \ ` s o Z d � �.W Y j [ Z m Z o e � � c k(W _ Y Z f*k c a ] [ o � u � 
 
 � s

� � ��� ` ] m e u� Z \ a W _ u��#Z ` [ o(u� W a a W u���m ] [ o [ W _ u��_ ` f*W _ u��l` Y ` m c \ Z(u���W \ \ ] [(` u��#] W m \ W [�u���W W ^�u���c ^ Z m k j�u
� f*] a j�u6�.Z f*h ] [ \ u(�.Z i�[ \ u.` [ ^��#] m ^ ] b ] m m s���` m c(` a ] Z [AZ n�c m a _ ` { \ Y ` m W�Y Z f*k c a ] [ o�\ e \ a W f*\ s*V�j ] a W
�.` k(W _ u � 
 
 
 s

� � � y#| W _ � W \ a ` d _ Z \ s��6Z ` ^�k _ Z � m ] [ o(�6y;f*W a j Z ^ Z m Z o e�n Z _?\ Y j W ^ c m ] [ o_ W ` m { a ] f*W?a ` \ h \?] [*`#^ ] \ a _ ] b c a W ^
\ e \ a W fAs.t [ ��� w ! � � " � v # �w ��$ %�&	%('*) +, u�l` e � 
 
 - s

� . � �l` _ h0/�s���_ Z d W m m `�` [ ^ly#| W _ � W \ a ` d _ Z \ s�� W m n { \ ] f*] m ` _ ] a e�] [lV�Z _ m ^lV�] ^ WV�W bla _ ` 1�Y �2/.d ] ^ W [ Y W
` [ ^*k(Z \ \ ] b m W#Y ` c \ W \ s3$ 43434(5 6�%�798(� � v � � ! x � w v �#w v;:� x <?w � = � v # u . q > r � � � . ? � � > u @#W Y W f�b(W _ � 
 
 - s

� > � �l` _ h;/�s ��_ Z d W m m ` u ��Z _A��` _ Y j Z m { � ` m a W _ u ` [ ^;��_ ] \ a ] [(`���c _ a ` s6�?` \ h�` \ \ ] o [ f*W [ a.] [*`�^ ] \ a _ ] b c a W ^
\ e \ a W fA�.t f*k _ Z d ] [ o#k(W _ n Z _ f�` [ Y W�b e�c [ b(` m ` [ Y ] [ o�m Z ` ^�s(t [B��� w ! � � " � v #�w �36�%�7C'(� # D�� x � � ! ��%?w v E
� � � � v ! ��w v;7A� � � � � � D�� v x�� v "	7Aw " � F � v #*w ��%?w D#�(� x � �2'G � x � D����w � x � ��'(� � � � w v u � 
 
 � s

� - � �l` _ h�/�s ��_ Z d W m m ` u ��c _ ` ^��6s �?` H H c�u ` [ ^�y#| W _ � W \ a ` d _ Z \ s �#W ` d e { a ` ] m W ^�k _ Z b(` b ] m ] a e�^ ] \ a _ ] b c a ] Z [ \
] [�a j W�i�Z _ m ^�i�] ^ W�i�W b�s(t [	6I��� � ! x � ! � F�J�� � " �;8(w�K� � � G;8(� � F � u Y j(` k a W _ � u k(` o W \ � ? � � s ��j(` k f�` [
L ��` m m u �#W iIM?Z _ h6u � 
 
 � s

� � � y#m m W [ � s @#Z i�[ W e s�y&k(` _ ` m m W m(i�Z _ h m Z ` ^�f*Z ^ W m6` [ ^*] a \�] f*k m ] Y ` a ] Z [ \�n Z _�k _ Z Y W \ \ Z _` m m Z Y ` a ] Z [�s(t [
��� w ! � � " � v # �w �NK� # O;��� � � w � D�� v ! ��&� � x � � P � x � " %?w D#�(� x � v # u k(` o W \ � � � ?� � � u y#c o c \ a � 
 
 - s

� 
 � y�sN/.k j _ W f*] ^ W \ uN�.sA��` _ ` ] e ` u�` [ ^Q�(s�V�` m _ ` [ ^�s�y \ ] f*k m W*^ e [(` f*] Y*_ Z c a ] [ oXk _ Z b m W fAsR$ 43434
8(� � v � � ! x � w v �w v;6�� x w D�� x � !;%?w v x � w F u y���{ � . q � r � > 
 � ? > 
 � u � 
 � � s

� � � � @#_ Z _0� W ] a W m \ Z [}` [ ^S��Z _ _ ] \ly�sN� W a a W sgt f*k _ Z d W ^�c a ] m ] | ` a ] Z [�` [ ^&_ W \ k(Z [ \ ] d W [ W \ \Xi�] a j�o ` [ o
\ Y j W ^ c m ] [ o(slt [Q��� w ! � � " � v # �*w ��$ �3�A' 5 ' �3&��T) +,QU*w � = � O w �VNW�� ! x � � ��:w x � ��� v*%?w D#�(� x � �	'! � E
� v ! � X�� w F VAY Z + Y u k(` o W \ � � � ? � > � u y#k _ ] m � 
 
 - s

� � � � @#_ Z _A� W ] a W m \ Z [�u ��` _ _ e	��c ^ Z m k j�u �#i�W#� Y j i�] W o W m \ j Z j [�u ��W [*� W d Y ] h6u ` [ ^	�.` _ h \ Z [�VXZ [ o(s ��j W Z _ e
` [ ^*k _ ` Y a ] Y W�] [�k(` _ ` m m W m p Z b�\ Y j W ^ c m ] [ o(s�t [;��� w ! � � " � v # ��w �N$ �3�A' 5 ' �3&��[) +,BU*w � = � O w �V�W�� ! x � � �
:w x � �� v�%?w D#�(� x � �2'! � � v ! � X�� w F V3Y Z + Y u(k(` o W \ � ? � � u y#k _ ] m � 
 
 - s

� � � � ��Z _	��` _ Y j Z m { � ` m a W _ u��l` _ hQ��_ Z d W m m ` u?` [ ^*��_ ] \ a ] [(`���c _ a ` sI\#[;Y j Z Z \ ] [ o�`Aa ` \ h;` \ \ ] o [ f*W [ a
k(Z m ] Y e*n Z _�`�^ ] \ a _ ] b c a W ^l\ W _ d W _#\ e \ a W fAsN$ 43434S] w � � v � F.w �N��� � � F F � F�� v "	&� � x � � P � x � "B%?w D#�(� x � v # u
. 
 � � � ��?;� � � u � 
 
 
 s

� � � � ��Z _N��` _ Y j Z m { � ` m a W _�` [ ^�y#m m W [B@#Z i�[ W e s�/.� k m Z ] a ] [ ok _ Z Y W \ \�m ] n W a ] f*W�^ ] \ a _ ] b c a ] Z [ \�n Z _�^ e [(` f*] Y
m Z ` ^*b(` m ` [ Y ] [ o(s(6�%�798(� � v � � ! x � w v ��w v^%?w D#�(� x � ��'G � x � D� u � . q � r u � 
 
 - s

l 




� � � � ��Z _ ^ Z [Xt _ m ` fAs*�#[ ] �A� m W*\ ] | W*\ c _ d W eX{ � 
 
 � s�y#d ` ] m ` b m W�` a � � � ��� � � � � ��� � 	 
 ���  � � � � � � � � ��� {
� � ��
 � ��� � � � � u � W k a W f�b(W _ � 
 
 � s

� � . � y�s M�s ��j ] [ Y j ] [�s3�l` a j W f�` a ] Y ` m(a j W Z _ e�Z n�\ a ` a ] Z [(` _ e	H c W c W \ sN7A� x V�'P w � v � = u � 
 � - � ? � � u � 
 � � s
� � > � ��s �6W ] \ W _ \ Z [�s
��j W��.m W ] ` ^ W \�` m k j(`AY m c \ a W _A` a;�Xs t s �s sS@#Z Y c f*W [ a ` a ] Z [�` a ��� � j a a k�� � � b(Z [(` [ | ` s m Y \ s f*] a s W ^ c� u
� 
 
 � s

� � - � ��j(` _ m W \N�6W ] \ W _ \ Z [�s6��j W��#Z m ` \.\ c k(W _ Y Z f*k c a ] [ ok _ Z p W Y a�` aA�Xs t s �s s@#Z Y c f*W [ a ` a ] Z [�` d ` ] m ` b m W�` a �
j a a k�� � � � Z m ` \ s m Y \ s f*] a s W ^ c�u � 
 
 � s

� � � � V}s /�s�6W m ` [ ^l` [ ^��s �(s\#a a s3�6Z ` ^ { b(` m ` [ Y ] [ o�j W c _ ] \ a ] Y \�` [ ^*k _ Z Y W \ \�b(W j(` d ] Z _ s.t [ ��� w ! � � " � v # �
w �N��� � � w � D�� v ! ��� v "�6�%�7 '(� # D�� x � � ! � u k(` o W \ . � ? > 
 u � 
 � > s

� � 
 � �#` [ ^ Z m k jQ@�s��#W m \ Z [�` [ ^���j Z f�` \���s3�.j ] m ] k \ sXy#[�` k k _ Z � ] f�` a ] Z [la ZXa j W�_ W \ k(Z [ \ Wla ] f*W�n Z _
\ j Z _ a W \ a2H c W c W�_ Z c a ] [ o(s3��� � � w � D�� v ! �24�� � F � � x � w v���� � � � <?u - q � r � � � � ?� � 
 u � 
 � 
 s

� � � � �#` [ ^ Z m k j�@�s �#W m \ Z [�` [ ^��j Z f�` \���s �.j ] m ] k \ s y#[�` k k _ Z � ] f�` a ] Z [�n Z _�a j W�f*W ` [#_ W \ k(Z [ \ W�a ] f*W.n Z _
\ j Z _ a W \ a�H c W c W�_ Z c a ] [ o*i�] a j�o W [ W _ ` m?] [ a W _ ` _ _ ] d ` m.` [ ^l\ W _ d ] Y W�a ] f*W \ s���� � � w � D�� v ! ��4�� � F � � x � w v u
� - � � � � ?� � 
 u � 
 
 � s

� � � � /._ ] Y#V}s �.` _ \ Z [ \�` [ ^	��W [ [ W a j ��s � W d Y ] h6s6t f*k m W f*W [ a ] [ o�f�c m a ] k _ Z Y W \ \ Z _?\ Y j W ^ c m ] [ o�^ ] \ Y ] k m ] [ W \ s
t [ ��� w ! � � " � v # ��w ��$ �3�A' 5 ' �3&��C) +,BU*w � = � O w �V(W�� ! x � � ��:w x � ��� v�%?w D#�(� x � ��'! � � v ! � X�� w F VAY �  + u
k(` o W \ � > > ?� � � u y#k _ ] m � 
 
 - s

� � � � �?W _ [;�.` � \ Z [�` [ ^�� ` m m e���m Z e ^�s V�] ^ W { ` _ W `#a _ ` 1�Y ����j W�n ` ] m c _ W?Z n��.Z ] \ \ Z [�f*Z ^ W m ] [ o(s $ 43434(5 6�%�7
8(� � v � � ! x � w v �w v;:� x <?w � = � v # u k(` o W \ � � > ? � � � u � c [ W � 
 
 . s

� � � � @�` d ] ^^�?s(��W a W _ \ Z [&` [ ^Q@�` d ] ^ � s.y#^(` f*\ s0� _ ` Y a ` m�k(` a a W _ [ \�] [^@�y�� @�t � \�a _ ` 1�Y sAt [R%�7^J
��� w ! � � " � v # � u@#W Y W f�b(W _ � 
 
 > s

� � � � ��s ��Z m m ` Y | W h6s �#b(W _�W ] [ W�` c n o ` b(W�^ W di�` j _ \ Y j W ] [ m ] Y j h W ] a \ a j W Z _ ] W s�$ E $ $37A� x O V�!�� � x � ! O � � � x V u � � � > � ?
� � � u � 
 � � s

� � . � y#[ W W \�� j(` ] h j�u�� W [ [ ] n W _���W � n Z _ ^�u.` [ ^0�` [ ol��s�� j ] [�s	�6Z ` ^ { \ W [ \ ] a ] d W�_ Z c a ] [ o�Z n�m Z [ o { m ] d W ^�] k
" Z i�\ s.t [ ��� w ! � � " � v # �w ��' $ J2%$#37B7Au � W k a W f�b(W _ � 
 
 
 s

� � > � �6s.� Z | ` h ]#` [ ^^�s(��Z \ \ sly#k k _ Z � ] f�` a ] Z [ \#] [�� [ ] a W�Y ` k(` Y ] a eXf�c m a ] \ W _ d W _�H c W c W \�i�] a jXk(Z ] \ \ Z [
` _ _ ] d ` m \ sA] w � � v � F.w �N6�� � F � � "���� w P � P � F � x G u � � � � � > ? � � � u � 
 - � s

� � - � �s V}s VXW b(W _ s�\#[*a j W#Z k a ] f�` m ` \ \ ] o [ f*W [ a.Z n6Y c \ a Z f*W _ \�a Zk(` _ ` m m W m \ W _ d W _ \ sA] w � � v � F�w �36�� � F � � "
��� w P � P � F � x G u � . � � � > ? �� � u � 
 - � s

� � � � V�` _ ^XV�j ] a a s @#W Y ] ^ ] [ oli�j ] Y j�H c W c W*a Z�p Z ] [���� Z f*W�Y Z c [ a W _ W � ` f*k m W \ s%#.� � � � x � w v �&��� � � � � ! O u
� � q � r � � � > ? � � � u � ` [ c(` _ e � 
 � > s

� � 
 � V}s V�] [ \ a Z [�s \#k a ] f�` m ] a e�Z n a j W�\ j Z _ a W \ a?m ] [ W?^ ] \ Y ] k m ] [ W s�] w � � v � F(w �(6�� � F � � "���� w P � P � F � x G u � � � � � � ?
� � 
 u � 
 - - s

� � � � ��Z [(` m ^*V}s VXZ m '.s3'(x w ! O � � x � !27Aw " � F � v #*� v "�x O �B8�O � w � G�w �)(�� � � � � s3�._ W [ a ] Y W���` m m u � 
 � 
 s

l �



� ����� ����
� �
B�(!" ��� � � � " )!�71#� ) '!"  #� ��� (!�-� �#� , �!� " ��) / � (!� ����� ��1#) , " � � 5B�(#� )!%!+!(!)!%!��� (!" �� #" � � %!� � " )!�@" ��.�" , ,
$#���!� � � � � � � �� )� � / � �0� )-B�� $!, ��l�� )%#�! #� � � � � �! &� (!���!) � � � " )!��5
?@��� � � � �0.�" � (� )!*���1#� )!1#� � � " � ��) / � (!��)!� " + " �#� ,� #" � � � " $#%!� " )!�&) / 9 )!$� " � � � �: !�� ��� ��< e

� : �>< � �"! �
h -6: !�^ �#< � �����#�

� !%+��(+��

�0/#��� 1 ���
	� � : �><�. ��� #�%������ ���
� � ��� � � � � � % � � � �� �#� � � � � ��� � � % � � � " / ���� �
�� ��� � � % � . : , ��1 -7, ��;!<0" / � � ���|h

 � h
�&� � � . _�. "

n�� � � �� #� �!) � ��� (!� / � � � � " )!��) / 9 )!$!��.�(!) � ��Q>�#� ,� #� � � " �#� � " )!�&" �SU�) � �N]2� �! _�� � 2 � �2 #� �!) � �
� (!� / � � � � " )!�) / 9 )!$!��.�(!" � (�� ' � �0'!" � " �NU�) � �B] 5

� �$� �! "
 " � e

� : �>< #� � ! �
h -6: !�^ �#< �$# � ���� � � - � ����&%

_�� � 2 � ���
�'
� ( � � �

5�) .T� )!�!� "  #� �� (!) � �-9 )!$!�.�(!) � � �2I>D N v K E C G I>D C G M IR" �`U�) � �9] 5�]�$!� � � ' �7� (#� �-� " �!� �7� (!�
)!� " + " �#� ,� #" � � � " $#%!� " )!�6" � �2)!%#�! #�  V�� � � � )��: !�� ��� ��< ��� (!� �j� (!�& #" � � � " $#%!� " )!�6) / 9 )!$!�-.�(!) � �
Q>�#� ,� #� � � " �#� � " )!�7" �SU�) � �B]2" ��� , � )&���2)!%#�! #�  V�� � � � )��: � � � � � � � � ��< 5�B�(!" ��*-� ; � ��" ��� � � �&� )
� )!*-1#%!� ��� /�� �� 1 ��� (!� � � (7*�)!*�� � ��) / � (!�- #" � � � " $#%!� " )!�R) / 9 )!$!��.�(!) � �-Q>�#� ,2 #� � � " �#� � " )!�@" �
U�) � �B] e

�0/�� �� 1 ���  "
 " � e

��� � : �><� � #�%�
�����������
����������

� � �) � e � � � � �) � e � � � � �) �� �#� � � � � ��� � ) � e � � ) � � � " / ���� �
� ) � e � )� ) � � ) � e : , ���  -@, �0�  � � <0" / � � ���|h

� � �) � e# � � # * ) � e* ) %
� % .!: , �0�  -7, ���  � � <0" / � � ����l

5�) .j� )!�!� "  #� �0� , ,!9 )!$!��.�(!" � ( u G E G C�U�) � ��] 5�B�(!� � ��" �!� , %! #��� (!� � � / � � � � " )!��) / � , , 9 )!$!�2.�(!" � (
(#� ' �SU�) � �H]2� ��� (!� " ��Q>�#� ,� #� � � " �#� � " )!��5�U�) .0� ' � �2� (!� � ��� , � )-" �!� , %! #��� (!�._�� � 2 � ��- � � / � � � � " )!�

l a



_ 5�%#*�$#� ��) / (!) � � �
�: !�� ��� ��< b )!$�� " � �� #" � � � " $#%!� " )!�
� R�1#1#� ��$#)!%#�! &)!��9 )!$� " � �� #" � � � " $#%!� " )!�
! n�) .0� ��$#)!%#�! &)!��9 )!$� " � �� #" � � � " $#%!� " )!�
� : �>< V2� )!$#� $!" , " � �&*-� � � / %#�!� � " )!� / )!� �: !�� ��� ��< 5
� U�� � '!�!3 � � " , �  71#� � � *�� � � �
� / � � � � > > > � � � b )!$�� " � ��� %!� ) 4��
� � R�1#1#� ��$#)!%#�! &)!��9 )!$� " � ��� � � ��$ �`U�) � �B] ]�%!� � "  #�-� � � " ' � ,�� � � ��" � � )-� �!� � � *" ^!�!� � � *~, )!�  
_�� � 2 " � n�)!�  &� �BU�) � �H]
� � `�� � � � " )!�) / 9 )!$!��.�(!) � ��Q>�#� ,� #� � � " �#� � " )!��" �NU�) � �H] �

" 5 � 5 �#.�(!) � ��� " � ��" ��$#� � .0� � � � � � � � �! �� � 5_�� � 2 � � `�� � � � " )!�) / 9 )!$!��.�(!" � (�� 1#� �! &� " *���� �HU�) � �B]
_�� � 2  � k�� � " ' � ,�� � � ��" � � )9U�) � �B]
�&� � � x7� � ��9 )!$� " � ��%#�! #� ���: !�� ��� ��<2 #" � � � " $#%!� " )!�
� � � � � � � (*�)!*�� � ��) / 9 )!$� " � �� #" � � � " $#%!� " )!� �: !�� ��� ��<
�&� ��� � m�=#1#� � � �  &� " � ��) / 9 )!$!��.�(!) � ��Q>�#� ,� #� � � " �#� � " )!��" �NU�) � �B] 5
�&� _�� � 2 ��� � m�=#1#� � � �  &� " � ��) / 9 )!$!��.�(!" � (�� 1#� �! &� " *���� �HU�) � �B]
� � � 4� � ^!� � )!�! 7*�)!*�� � ��) / � " � ��) / 9 )!$!��.�(!) � ��Q>�#� ,� #� � � " �#� � " )!��" �NU�) � �B] 5
�0/�� �� 1 9 � (�*�)!*�� � ��) / � " � ��) / 9 )!$!��.�(!) � ��Q>�#� ,� #� � � " �#� � " )!��" �NU�) � �B] 5
��� _�� � 2 � 4� � ^!� � )!�! 7*�)!*�� � ��) / � " � ��) / 9 )!$!��.�(!" � (�� 1#� �! 7� " *���� �BU�) � �H]
�0/�_�� � 2 � �� 1 9 � (�*�)!*�� � ��) / � " � ��) / 9 )!$!��.�(!" � (�� 1#� �! &� " *���� �BU�) � �H]
�&�!h ^ ��� � m�=#1#� � � �  Rh � � " � ��) / 9 )!$!�0.�(!) � ��Q>�#� ,� #� � � " �#� � " )!��" �BU�) � �B]
�&� _�� � 2 %�� � m�=#1#� � � �  &.�� " � " �!+� " *���� �BU�) � �H]
�&� %�� � B�) � � ,�� =#1#� � � �  &.�� " � " �!+� " *�� / )!��9 )!$!��.�" � (Q>�#� ,� #� � � " �#� � " )!� U�) � �B]
�&� ' � � m�=#1#� � � �  &� , ) .� #) .�� / )!��9 )!$!��.�" � (Q>�#� ,� #� � � " �#� � " )!� U�) � �B]
�&� % � m�=#1#� � � �  &.�� " � " �!+� " *�� / )!��9 )!$!��%#�! #� � ����� �
�&� ' � m�=#1#� � � �  &� , ) .� #) .�� / )!��9 )!$!��%#�! #� � ����� �
	 ��� � � � B�) � � ,�� =!� � � ��.0)!� ;-$#� " �!+ #)!�!�

B�� $!, ��l#e G�M C D C G M I-o M X D I>D N P E G E M o ����� �

l c



) / � , ,�9 )!$!��.�(!" � (R(#� ' �9U�) � ���7� ��� (!� " ��Q>�#� ,2 #� � � " �#� � " )!����.�(!� � � �&� ] 5�B�(!) � ��9 )!$!��.�(!" � (
(#� ' �SU�) � �	�>� �%� ] �>� ��� (!� " ��Q>�#� ,� #� � � " �#� � " )!�&.�" , ,�)!�!, �&(#� ' ����� � � '!" � �-� � A#%!" � � *�� � ��) / � �2� �
U�) � �B] 5�B�(!%!��" � / ) , , ) .���� (#� � e

�&� _�� � 2 ��� � � � �
_�� � 2 � � . �&� ��� � � _�� � 2 � ��- � �_�� � 2 � � . � �

�0/�_�� � 2 � 4� 1 � � �
_�� � 2 � � . �0/#� 4� 1 � _�� � 2 � ��- � �_�� � 2 � � . � 4�

_�� � 2  ���  �. _�� � 2 � �
_�� � 2 " ��� _�� � 2  ��. �&� _�� � 2 ��� �

�0/�h ^ � �� 1 � �0/�� ���� 1
B�(!� � ��� � ��� .0)�� A#%!" ' � , � � �0.�� �!��) /  #� Q>�!" �!+�� =!� � � � 5�?@��� (!) .6$#) � (�$#� , ) .8� �! -� (!� � ;�� (!� *

� +!� " �!� ��� � � () � (!� �0" ��)!%#�0� )!*-1#%!� � � " )!�!� 5

� � %!� 3 � %#*�3 ) / 3 , )!�  #� �
�'
� ( � _�� � 2 " � #� � " � �  #3 � %#*�3 ) / 3 , )!�  #� � _�. "

	 ��� � � �
�

� � � %!� 3 � %#*�3 ) / 3 , )!�  #� -@ #� � " � �  #3 � %#*�3 ) / 3 , )!�  #�

	 ��� � � � � �
�'
� ( 4 _�� � 2  ��. � � � �

	 ��� � � � � 	 ��� � � �
�
� 	 ��� � � � �

_0)!*-1#%!� " �!+7*�� � �@.�� " � " �!+&� " *���� �! R*�� � �@� , ) .� #) .�� / ) , , ) .�� / � )!* B�(!� )!� � * h ��� =!� � 1!�
/ )!��)!�!� / %! #+ � �!� �0� =#1!, � " �!�  �� � � , " � �0" �-� (!��� � =!� e�.0��.�" , ,�� � � %#*���� (#� �2� (!��� � � " ' � ,�1#� )!� � � �0" � � )
� � � (@(!) � ��" ���`V�) " � � )!� V2� )!� � � � 5-]�$!� � � ' �-� (#� ��" �7� )!*-1#%!� " �!+7*�� � �7� , ) .� #) .�����.0�-(#� ' �-� )
$#��� � � � / %!,�� $#)!%!��.�(!" � (9 )!$!��.0� f � ��� ' � � � + " �!+) ' � � 50B�(!��� � , � %!, � � " )!�7.0)!� ; ��)!%!��*�) � ��� � � " , �
" / .0��� )!�! #" � " )!��)!�� (!��Q>�#� ,� #� � � " �#� � " )!��) / � (!��9 )!$��#� ��� (!) .���$#� , ) .�5

�&� _�� � 2 %�� � � _�� � 2  �	. � / _�� � 2 � 4� 1 ^>: l>: h.- _�� � 2 " � < <
�&� %�� � �

�'
� ( � �&� _�� � 2 % � �

�&� % � �
�'
� ( � �&� %�� �). � �

�&� ' � � � �&� %�� �). �&�!h ^ ��� �
� � ' � �

�'
� ( � �&� ' � �). � �

y d



k�, ,�� (!� / )!� *�%!, � ��� $#) ' ��� � � %#*���;!�!) .�, �  #+ ��) / � (!��� %!� ) 4@1#) " � � ��� / � � � � > > > � � �!52B�)- #� � � � 3
*�" �!��� (!� � ��� %!� ) 4@1#) " � � � �#.0� / � �  7� , ,�) / � (!��� $#) ' � / )!� *�%!, � ��" � � )���� 2 _�� ��� 2 ] � � ��� �#, � � '!" �!+
� (!� � � f �&� ��%#�! #� � � � *�" �!�  ' � � " � $!, � � 5W?@�@� (!� �6� ) , ' � / )!�-� (!�7)!1!� " *-� ,�� � � � " �!+j) / � (!� � � f �
.�(!" � (7*�" �!" *�" � � ��� (!��*�� � �&� , ) .� #) .�����*�� � ��.�� " � " �!+� " *�� ��)!� / � " � �!� � � ��� �� #� � " � �  ���� %#$#9 � � �
� )-� )!�! #" � " )!�!��� (#� �0� (!��, )!�  &� ��� � � (�(!) � ��� � � �!��$#� , ) .~h 5

y#h

beatrice
This research was sponsored in part by National Science Foundation (NSF) grant no. CCR-0122581.

beatrice




