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`�a�bdc_egfih6jk`�jml1j.n�nMo+nda�prqsn�fIt fMuvcwo�h�o�j2l+t>xyc=o�h�o%l zP{2fMl|e2fMp;}snIj2u {Pl6{Pl�fM~2fM��j.n�nM���so%zPo+nM{Pq�o����C�
�2{Px�����x�o%o+nMo%lvjm����c�fIt x�j2l1��ePp|fMu>x�j2u|b7�s��{���`�l>{��s}�t+u�fM{P��c=o�h�o�j2l1t x��d{Pprq�jm�C�����%����a�u
� jPh�p�jP�sokj.z�j.f�nIj2�snMo�u>{y}�h|jPh|j�u>o�h�u|q�l>{P~�l1j2p����so�h�fM~P��o����"{Pl|o+��qDo%l�fMpro%�su1j2u�fM{P��l1j2u>x�o%l
u>x�j2��q�l>{��s}�t+u�fM{P�����Po%u�fM��t+{Pl>qD{Pl1j2u�fM��~�pgj2�C����o�j2u }�l>o�h|{2��l o�j.n�fih�u�fItkq�o%u l>{2nMo%}�p l>o�h�o%l zP{2fMl
h�fMp|}snIj2u>{Pl1h8�N¡�xsfih���{Pu>o
l>o%q�{Pl u1h¢{P��u x�o�l>o�h�}sn£u+h�{2�'u�fMp|fM��~�`¤a¥b¢c6e|{P�§¦�zPo�q�jml1j.n�nMo+nNh�}�q�o%l ¨
t+{Pprq�}�u o%l1hwfM��t n£}���fM��~�u x�o|fI©�¡=b¢ª«¡F{P}�t x�h�u>{P��or¬6bdªs¡F®jm����u x�o��¢{P����o�t+u�fM{P��¯yjPt xsfM��o
°y± �,¯�¨ °s² �kePqDo%o��s}�q«~Pl+j2q�x�h
f�n�nM}�h�u>l1j2u o�qDo%l���{�l>p�j2��t+okjPhZj\��}���t+u�f£{���{2�=u>x�og�s}�p;�Do%lZ{2�
q�l>{�t+o�h>h�{Pl+h��"{Pl�j|z2j2l�fMo%u��k{2�dq�l>{P�snMo%p³h�fM´%o�h%��¡�x�oZl>o�h�}snMu1h�fM����fIt%j2u>o|u>x�j2u=q�jml1j.n�nMo+n,t+{Pprq�}�¨
u1j2u�f£{���t%jm�µq�l {�z�fI�sorh�}���h�u1j2�su�fIj.n,h�qDo%o��s}�qyfM��l>o�h�o%l zP{2fMlZh�fMp|}snijmu>{PlZt+{��so�h%�Z¯�{Pl>o%{2zPo%l
u>x�o
l1j � u�fMp|fM��~Ch�q�l>{2zPfI�so�j2��fM�su>o%l>o�h�u�fM��~yt+{Pprq�j2l�fIh�{��µ{m�,p�jPt xsfM��o�qDo%l��"{Pl>p�j2��t+o�¶ u x�{P}�~Px
{P��ogp|}�h�u|l>o%pro%p|��o%lru x�j2uZu>x�o%��j2q�qsnM����f£l o�t+u�nM��{P�snM��u>{y`�a�bdc_e��Njm����p�j.�µz2j2l>� � fMu>x
��f�·�o%l>o%�Cu
h�fMp;}snIj2u {Pl1h%��t+{�prqsf�n£o%l+h%��{�q�o%l1j2u�f£��~kh���h�u>o%p�h�j2���¸x�j2l1� � j2l>o6t+{P�s¦�~P}�l+j2u�fM{P��h%�

¹ º«S�»�¼¾½

`�a�bdc_e � jPh�{�l�fM~2fM��j.n�n£�y�so%zPo+nM{Pq�o��µ��{Plwu>x�o6fI©
¡=bdª�fI`�e��w¿���Àw�sq�o%l1t+}��DoP��j Q�Á ��{��so�p�j2¨
t xsf£��o � f£u x Q pro%~sj2�C�su>o={m�F��jmu1jZh�u {Pl1j2~Po�qDo%l,��{��soP��j2���|l>o+nIj2u�f£z�o+n£�§��jPh�udt+{Pprp|}��sfIt%j2u�fM{P��h
l>o+nIj2u�fMzPoku {�fMu1h§t+{Pprq�}�u1j2u�f£{���j.n�h�q�o%o������m����Â=��o�h�x�{�}sni����{Pu>ogu>x�j2u|u>x�oku�fMpro�jm����h�q�jPt+o
t+{P��h�u l1j.fM�Cu+hd{m�'u>x�o
fI`�e��=¿2����{�l1t+o��kh�{Ppro6�so�h�fM~P���so�t fIh�fM{P��h � xsfIt xkp|fM~Pxsu=��{Pu���o6{Pq�u�f£pgj.n
{P�y{Pu>x�o%l
p�jPt xsfM��o�h%����ort+{P�Cz�o%l>u>o��¸fMu6u>{�l }��µ{���jgz2j2l�fMo%u���{2��q�j2l1j.n�nMo+n,t+{Pprq�}�u o%l1h6j2���
u�fMpro���fMu6{P�yo�jPt x��|À={ � o%zPo%l�� � ov��fI�y��{�uZj2u>u>o%prq�u
u>{kl>o � l�fMu>o|u>x�ort+{��soru {�{Pq�u�f£pvf£´%o§fMu
�"{Pl�j2�s�rq�j2l>u�fit+}snIj2l
u1j2l ~Po%u�p�jPt xsf£��oP�

`¤a¥b¢c6ekh�{2nMzPo�hwu>x�o|u � {rq�x�j�h�o ± {mfÃndj2��� � j2u>o%l ² o�ÄP}�j2u�f£{���h��"{Pl6h�n�f£~�xCu�nM�yt+{Pprq�l>o�h>h¥f£�snMo
Å { � fM��j_u>x�l>o%o���fMpro%��h�fM{P��j�nUqD{Pl>{P}�h¤pro���fM}�p��d¡�x�o�h�o�o�Ä�}�j2u�fM{P��hN��{Pl pÆjZt+{P}�qsnMo��gh���h�u>o%p
{2����{��snÃfM��o�j2lgjP�szPo�t+u�fM{P��¨���f�·�}�h�fM{P�«u��sq�ogq�j2l>u�fIj.n=��f�·Uo%l o%�Cu�fIj.n=o�Ä�}�j2u�fM{P��h%��`¤a¥b¢c6ey}�h�o�h|j
�"}snÃnM��fMprqsn�fit fMuk�s}�pro%l�fIt%j.n=pro%u>x�{���l1j2u>x�o%l�u>x�j2��u>x�or�"l>o�Ä�}�o%�Cu�n£��}�h�o���a¥¯y`db�e ± f£p§qsnÃfIt fMu
q�l>o�h>h�}�l>oP��o+��qsn�fIt f£u|h>j2u>}�l+j2u�fM{P� ² ��{�l>p|}snijmu�fM{P���da�uÇj�t%t+o%q�u1h=z�o%l>��~�o%��o%l1j.n'q�l>{��sn£o%pÈ�so�h t+l�fMq�¨
u�fM{P��h%��`7{Pl {Ch�fMu��Zj2����q�o%l>pro�jm�sfÃn�fMu���t%j2�|��o���}���t+u�fM{P��h¤{2�*qD{Ch�fMu�fM{P��É�l>o+nIj2u�fMzPo=qDo%l>pro�j2�sf�n�fMu�fMo�h
j2���|t%j2qsf�n�nIj2l>�rq�l>o�h h�}�l>o=t+}�l>zPo�h¢t%j2�|��o=q�l>{2z�fI�so��6�"l>{PpÊo%p§qsf£l�fit%j�nU��j2u1jËÉPj2����p;}snMu�fMqsnMo
zPo%l>¨
u�fIt%j.nDf£�2Ì�o�t+u�fM{P�kj2���§q�l>{��s}�t+u�f£{�� � o+n�nIh,t%jm�r��o
}�h�o���� � f£u x\h�qDo�t f�¦�o��gu�fMpro=z�jml>�PfM��~|��{�u>u>{Pp
x�{2nMo
q�l>o�h>h�}�l>ow��{P}�����j2l �vt+{�����f£u�f£{���hd{�ldu>{Pu+j.n Å { � l1jmu>o=t+{P����fMu�fM{P��h%��¡�x�o=l>o�h�o%l zP{2fMldh�x�j2qDo
fIhZh�qDo�t f�¦�o����C��jgq�{sh>h�fM�snM�yfMl>l>o%~P}snIj2l|j2l>o�j.n,t+l>{sh>h6h�o�t+u�fM{P��� � xsfIt xyfIhZ�s}�qsn�fIt%j2u>o���j2u6o�jPt x
zPo%l>u�fit%j�n�nij.�Po%l.�N`¤a¥b¢c6eZ}�h�o�h�h�u1j2����j2l+�|l>o�t+u1j2��~�}snijml7¦��sf£u oÇ��f�·�o%l>o%��t+o�h�j2���|jZ��j2u+j6�so�t+{Ppr¨
q�{sh�fMu�fM{P�µj2q�q�l {CjPt xku>{rq�j2l1j�nÃnMo+n�fM´�j2u�fM{P���
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a"�Zj�t+{Pp§q�}�u1j2u�fM{P��{P�«jm�ÕÔÖq�l {�t+o�h>h�{Plrq�j2l1j�nÃnMo+nZt+{Pprq�}�u>o%l§u1j2×Po�h�Ø�ÙÚu�f£p§ok}��sf£u+h%��{P��o
p|fM~Pxsu=x�{PqDoZu>x�j2u

Ø Ù�Û Ø�Ü.Ý1Ô�Þ
¡�x�orl+j2u�fM{�Ø Ü Ý�Ø�ÙßfIhZt%j�nÃnMo���u>x�ogà�á�â1â+ãPä8ák��l {PpÈÔåq�l>{�t+o�h>h�{Pl+h%�;æw�s�"{Pl>u>}���j2u o+n£�P�7t+{Pprp|}�¨
�sfIt%j2u�fM{P��t+{sh�u1h6j2����{Pu>x�o%l6{2zPo%l x�o�jP��h=q�l o�t n£}��so§n�fM��o�j2lrh�q�o%o��s}�q�hÇf£��q�l1jPt+u�fIt+oP�|À={ � o%zPo%l��
fM��q�j2l u�fIj.nN��f�·�o%l>o%�Cu�fij�n'o�ÄP}�jmu�fM{P�µh�{mn£z�o%l1h�u>x�o�h�o6{2zPo%l x�o�jP��h�{2�"u>o%��h>t%j.nMo�pr{Pl>o6h�nM{ � nM�ku>x�j2�
u>x�o�t+{�prq�}�u1j2u�fM{P��j�ndl>o�ÄP}sfMl>o%p§o%�Cu1h8��nMo�jP��fM��~yu>{gfMprq�l>{2zPo���h�qDo%o��s}�q�h��"{Pl
nIj2l>~Po%l6q�l>{��sn£o%p
h�fM´%o�h%�

`¤a¥b¢c6erjPh>h�fM~P��h¢q�l>{�t+o�h>h�{�l1h¢u>{;j2q�q�l {��sfMp�j2u>o+nM�go�ÄP}�j�nÃnM�kh�fM´%o���h�}���h�o%u1h¢{2�Nj�x�{Pl�fM´%{P�su1j.n
t+l>{Ch h�h�o�t+u�fM{P��{2��u x�o�l>o�h�o%l>zP{mf£l.�'bdj�t>x6q�l>{�t+o�h>h�{�l�fIh�u>x�o%�|h>j.fI�6u {={ � �6u>x�o�zPo%l>u�fit%j�n�t+�Pn�fM���so%l>¨
n�fM×Po;h�}���h�o%u�{2�7~Pl�fI�k�snM{�t>×�h�jm��{2zPoZj2���g�Do+n£{ � fMu1h�q�{�l>u�fM{P��{m�'u>x�o;t+l {Ch>h�h�o�t+u�fM{P����¡�xs}�h�{P�
j.zPo%l1j2~�oko�jPt>x�q�l>{�t+o�h>h�{Plkt+{Pprp|}��sfIt%j2u>o�h � fMu>x���{�}�l���o+fM~Pxs��{Pl+h%�=u>x�{�}�~PxÕ�so%qDo%����f£��~�{P�
u>x�o�~Po%{Ppro%u>l �«j�~2fMzPo%��q�l>{�t+o�h>h�{�l�p|fM~Pxsukt+{Pprp|}��sfIt%j2u>o � fMu>x���o � o%l��ßbdjPt x«q�l {�t+o�h>h�{Pl
t+{Pprq�}�u o�h���jPh�o��v{P�ru>x�o�ç ±¥èDé2² ~Pl�fI�§�sn£{�t ×�hNf£u¢{ � ��h%�P��}�u¢{P�snM�|��o%o���hdu {Zo+��t>x�j2��~�o�ç ±¥è�ê8²
qsfMo�t+o�h�{2�=��{P}�����j2l ��fM�s�"{Pl>p�jmu�fM{P� � fMu>x�fMu1h6��o+fM~Pxs��{Pl�f£��~yq�l>{�t+o�h>h�{�l1h%��¡�xC}�h%�U��{�l;j§¦���o��
�s}�p;�Do%l'{m��q�l>{�t+o�h>h�{�l1h%�2t+{Pprp|}��sfIt%j2u�fM{P�Zo+·�o�t+u1h7h�x�{P}snI�_��o�t+{Ppro¢l>o+nIj2u�fMzPo+nM�6nMo�h>hUfMprq�{�l>u1j2�su
j2u�j§l1j2u o6{2�¤ç ±1Q Ý èF² j�h�u>x�oZq�l {P�snMo%pëh�fM´%o ± � xsfIt xkfIh6ç ±�è é ²>² fM��t+l>o�j�h�o�h%�6�¢{P�Cz�o%l1h�o+nM�P���"{Pl
j�¦���o��«h�fM´%o�q�l>{P�snMo%pìt+{�prp|}��sfit%jmu�fM{P�«o+·�o�t+u1h|�Do�t+{Ppro¸f£��t+l o�jPh�fM��~2nM�Õ�s{Ppvf£��jm�Cu�j�h|u>x�o
�s}�p;�Do%l�{m�'q�l>{�t+o�h>h�{Pl1h,f£��t+l o�jPh�o�h%�

¡F{�h�u }��s��u>x�o�h�oZo+·�o�t+u1h � o6u>o�h�u o��go�jPt>xkpgjPt>xsfM��o��C�kl>}����sfM��~k`�a�bdc_er{P� ° ��f�·�o%l>o%�su
h�fM´%oZq�l {P�snMo%p�h�j�h=h�x�{ � �gfM�µ¡7j2�snMo Q �

ígî�ï%î�ð%ñsï ò�îsó�ô�õ�ï ö\÷2ø0ù�ú;ûiô�ü2ý�ð
q�u>× Q þ � Q�ÿ � Q�� ��°PÁ
u>o�h�u � Á ��� þ ��� þ � � þs°PÁ
u>o�h�u � p Q ��� �PÁ � �PÁ Q�° � °P° �
u>o�h�u � n Q�ÿ � þCÿ � þCÿ þ�Q � þ�� �
u Q���� ��� � Q���� � Q���� ����� � �����

¡7j2�snMo Q�� `¤l>{P�snMo%p³e2fM´%o�h

�Ë{PlZo�j�t>x�q�l {P�snMo%p h�fM´%o � orz2j2l�fMo���u>x�og�C}�p|�Do%l;{m��q�l {�t+o�h>h�{Pl1h	�F��¡¢�CqsfIt%j.n�nM�
� � jPh
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PIERS speedups on the CM-5 (scalar)
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PIERS step times on the DELTA
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PIERS step times (log-log plot)
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