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A Volume Rendering Algorithm
for Maximum Spatial Locality of Reference and its Evaluation

MasanoriNukata

Abstract

A pixel-orderray-castingalgorithmfor volumerenderingsu¥ ersfrom low cachehit

raito. Becausethe accesspatternof volumereferencesdependson the position of

the viewpoint. The volume renderingquantitatively requiresvery small bandwidth

andis computation bound.But it is actuallymemoryboundbecauseof low cachehit

raitoandmemorylatency.

In this paperwe proposea cuboid-orderray-castingalgorithmwhichmaximizes

spatiallocality of reference.Thecuboid-orderalgorithm dividesthevolumeinto sub

volumesnamedcuboid,andcontrolsthe accesspatternby renderingeachcuboid.

Maximizationis achievedby detectingandprocessingall sampling pointsin acuboid

fetchedinto thecachememory, beforethecachelinesconposingthecuboidarere-

placed.

But thecuboid-orderalgorithmdoesnotbringmaximumperformanceof thepro-

cessor. It hastwo problems:shorteningvectorlengthof the inner loop andcolumn

conflict. It is di¦ cult to solve both of themat the sametime, becausesolutionsof

theseproblemsconflicteachotherunderthecondition thatthevolumedatais defined

asanormalthree-dimensional array.

In fact, address-transformationwhich makesan e¥ ective addressfrom a coor-

dinatein thevolumespacehasfacultativity, andabove-mentionedproblemscanbe

solved separately. In this paperwe proposethe address-transformationwhich en-

ablesto solvebothproblems,andmakesperformanceof thecuboid-orderalgorithm

maximum.

Weevaluateouralgorithmwith anItanium2server. Theresultshowsthatperfor-

manceof thecuboid-orderalgorithmis 2.2timeshigherthanthatof thepixel-order.
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± 1*2 H8N�Å;} J�~ Ècñ !�� ¶H· P o P q

ú3û ! « 1. �S¾�- Ó��X±���� � « 2. � � » Á�� ¯�Z�®y¾�-j± 2 ��±����æñ�µ5�[q
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! «	É.¹�º�¸|­ Ê ±����æÅ���´)äæñ��9�f�*�5I*��]���� È`�"I5� � ] J �[q 2. �� » Ár� ¯�ZX®|¾Y- ! «8�"�"�% �Å�X P ��o�l:È
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2 � � 	 
 � � 
�� � � 	 � �
ó%ß*] !�� à��������¤Î3á M.à�á�â�ã����Ý� Ü � à �!���"�:Î3á MÀà�á�â,]# ñ�X P @dû6�Jô�õ $�$ ã�Ø�Ùfã 1 ��]�^f��Î�ç%� É�Ð'& Ñ�Ò á�â�Ùæñ � P)(

å9æ.È6�µq

2.1 * +-,/.10 2�3/465 +7468� à9�9���:�<;5á�MÀà�á�â ! Ü ë>=@? A�B6C ]f^ED � àF�G���IHKJ>L�M�NPO (Q DSRUTWVSD@R Ü7X�ã�ä�Y:Z�Y�[\O^]`_ Q�ab� à��!�����c;*á�dbà�á�â�Z�e\fg�h�iEjSk�lnm �G�Eob�qp�r�s!t B & —— u/vFw l�x@y A ��zSt l p�]{;F|}� C
;G� y>l p j7~��/�9�@� =�?)AIB�C����{�@� 1 � ��� x N��>L����"R j D a g� ��� v�� ���:� ; l d v l p �7��� v��G��� �`�{� N��IL��@D x ���`j f ���
v������ HKJ�L�N���R j D a � v��9���)� x9����x��@�9� N�� R�O^¡�M�N�O � Xx N �@m B�¢'£7�!¤�¥�¦ ¡�§�¨>© j�� v����I�n� ZFª�«P¬9­ �^®�¯ O°¡ Q f a��± ��²�xW² R9Z°³�´ i �°µS¶ D a·

1
� � v �!��� ZF¸�¹S_6D 1 º x »�¼ ZF½I_ a »I¼ L � v ����� �F¾ D �

Z A �@� vG����� ¥�¿ »I¼ L�À7D � Z B RÁ_6D a ²Fx R�Â x7m B ¢!£'Ã I(A Ä B)

Ray

Volume

A

B

I(A,B)

·
1: � v������ R »�¼
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Z �
I(A Ä B) Å B

A
g(s) eÆ s

A Ç (x)dxds (1)

RÁÈ�É�_PD a ²�²���� s � x �F»�¼ � x ÊIË ZFÌ�_`Í�³ � �\Î � g ��� v����I�x N x�Ï`Ð���ÑG� ®�¯�Ò ³WZFÌI_ aÓ�Ô�Õ � �7� vG�����Ö�U× l d v l p`Z°Ø�Ù�_:D � �FÚ�Û�Ü _:Dc���EL��@D a� v����I� � � Q ¡ �9�/� B�¢)£ RÁÝ�Þ!ß6Dáà Ê�â�ã`ä�å��`æIç6è ß6é ² R� j é a �-é �-ê ¢)£ � x N x!Ï`Ð g �Gë�ì�Üíè ß�¡IîïÎ �b�@ê ¢n£ � x'� p� î@ð>é g(p) ZFñ�ò-éER � p
�GóEô/¿öõS÷{ø�Ã L�ù ¿ ßíé a �@ú}Î � · 1 xI�

v������`� � g �Fû�üEin� � ¦ný L � · 2
� ½I_:þ-¬ j��@ê ¢)£ �`æIç6è ß ý� v �!��� � î Q ¡ �9� g �9Ú�Û�i'� ��é a

ú ý ��m�ê ¢'£'Ã Ó�Ô � Ú�Û�Ü6è ß6é a�ÿ 1 x���� Z Ú�Û�Ü _6é@R ��»�¼ �������� � � v������ Z
	 l�� v l p>O � X�ß x�
�� ZFñ7ò-é ² R � j é a ÚÛ�Ü{è ß ý ÿ �9�
I(A Ä B) Å B

i � A g(si) eÆ si
j � A Ç (x j) (2)

R j é a j î � Ø�� ��� O°¡ � þWÎ���à j���� ÿ Z�� Q é ² RcL g�h�i'� �@é a² ß � � Q ¡ �������� ©�_6é a

2.2 3"! #�$&%('*) +-,/.10
× | �32�465�7 t l p ã7���9»I� ¥�¿98 m`ê ¢!£���¤�¥I¦ ¡ »�¼ Z�:EÞ7O � Xx »�¼ ��;:¦ ¡ �<��� � �@ê ¢'£'Ã —— = (rÄ g Ä b) >U¨>© Ð t—— x 	 l�� v l

p�Z@?BA � X�ß�Z@�CA)¡ m�ê ¢)£)Ã Z Ó�Ô _6é a · 2(a)
� ����ê ¢!£ �`æ�ç:è

ß ý � v������ > � X�ß�Z�¸�¹�_6é »�¼�� X7O�¡ ��»�¼ � x 	 lD� v l p � Z
½I_ a »�� ¥/¿ 5 ê v^� l � x�m�ê ¢)£/�!¤�¥�¦ ¡E:�Þ è ß ý »�¼/� � · 1 >÷�FW� � A �7� v�� ��� �^¾ Î � X x ú�ú�Gnª�OK¡ � B �7� v�� ��� ¥�¿ À7é a¼�� AB

�í� ���H��� � 	 l�� v l p ��I �ÖÎ � · � ½I_:þ7¬ ��8 	 lD� v l
p � Z SP0 JKJLJ SPn > _6é a ² ß �G� ÿ 2

� î@ð�é si
�NM�O _6é a m�ê ¢!£'Ã ���± x ÿ � ñ�ò ¿ ß:é a

R

G

B

Å n

i � 0 (1 P ti)

ri

gi

bi

n

j � i Q 1 t j (3)
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Ray

Volume
SP0

A

B

SP1

SP2

SPn

(a)

SPi SPi-1SPi+1

rin
gin
bin

rout
gout
bout

Ray

Pixel

(b)

Voxel

(r,g,b,t)

·
2: Ú�Û7� v����I� > »�¼ � ��x 	 l�� v l p

� ÿ ¥/¿ � GSR i � ��� ¥ Î�TUA I)� Ø � x Ó�Ô � SP0
¥b¿

SPn
�!¤�¥�¦ ¡V �

1) �
1. �@ê ¢)£nÃ x 	 l�� v l p
2. m�ê ¢)£nÃ Ó�Ô
3. W x SP X�Y[Zx 3 � x 5�7B\ � ZN] �Ii �_^ Îa`I_ ² > � j é a · 2(b)

� ½�_{þE¬ � SPiÆ 1 xÓ�Ô�b[c Z (rin Ä gin Ä bin) > _6éd> � SPi
� î@ð>é Ó�Ô�b�c (rout Ä gout Ä bout)

� ��± x
1) egf�h�igjlknmnonp�q Back-to-Front rls iutwv SPn x�y SP0

v{z x}|a~ knm}����o�p6q Front-

to-Back r�s i�� Front-to-Back ���@��� f��9��q�k}m����a�_�@�@������� Back-to-Front h��k�m����n�D� s �n�_�}� �@�n� �9�9���� Ev}j | �¢¡_£}¤�¥_¦¢§©¨9��k�m�q�ª�«�¬�� Early

RayTermination �n­9®N¤6�6�a�}¯�°6f�±}² � Back-to-Front q{³}´ rnµ ~ s �¶�n�9´�·_¸�pf Front-to-Back ¹ f¢º_» ��¼�½ ¤w���¾�
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þ�¬ �S¿ é9À
rout

gout

bout

Å ti

rin

gin

bin

Á (1 P ti)

ri

gi

bi

(4)

2.3 Â 2 ÃÅÄÇÆ&ÈÊÉ
º�ËÍÌBÎ�ÏUÐwÑ�ÒÍÓÕÔ ×�Öw× Ð Ö
Ø�ÙwÚ�Û >�Ü�Ý�Þ�ß"à��áA ¿ ß6é}â�ã�ä çå ã Ì1æEé�ç�èéÔ 2�4�5�7�êÍÖ�Ø ã à6ë<A�ì�íHî<ï�Àáç�èðÔ 2�4�5�7�êÍÖ�ØNñ Ì
Î�Ü"ÏáÐwÑ�Ò�Ó Ù�òáÖ�ó Ð Ö
Ø Î�ôÍõCà ;áö ì ¿H÷�ø-ù Ù Ì�Ü ò-Ö�ó Ð Ö
Ø�ú
Ùwû�ü Î�ô úSý[þ ÿ ôÍõ ��� à������
	���
 ù À ò-ÖEó Ð Ö
Ø"ÿ Î�Ü���� Ð�à��� ÷�ø ï�ÏUÐwÑ�ÒÍÓ�à����@ì�������� 
 ù�! ÿ à#" ¿�$w¿�%'& Ü�( Ù �����
�ÕÔ*),+ Ö�-�. ï�ô úDý[þÅÿ ôÍõ �/� à�	0��
 ù2103 ËÍÌBÎ�Ü ÏUÐwÑ�ÒÍÓ Ô}ç
Öw× Ð Ö
Ø à 4 % ì'5�6ÍÝ�Þ<ß à87 %�$�ø ì9�Eï/:����<;'=éç�è Ô?>A@'��B ê
Ö
ØNñ àwë % ìEÜ�( Ù �<;�CBÐ8D�Ó0EGFIH��9Ü�JLK0MAN Ù �����0�ÕÔ*),+ Ö�ÙOQP àwë % ìQH $SR àS
 ùT1
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U
3 V W X Y Z [ \ ] ^`_ a b c d e f g
5L60hQiIjlk87 %/$_ø ì��
ïÊç�ènmo>I@'��B êIp'qNñ E�rLs�t å ñ&ÿTu'v 
ù ïxwIky:Q���';'=ðç�è mo>A@'��B êyp q@ñ ÿ{z0| ! ÿ kS
 ù21 :Q�}�';'= ÿ~ rQ�Q��k�FAHL
 ùQ��� k��/�`��� p���� :����';�E 1 ëx��ë�� 3 j�k<ç p��
� p q 
 ù�! ÿ EG���@ì %Êù21�Q�0� ~ r�:Q����;'= ç�ènm?>A@'�QB êIp�q@ñ/� ������m
������� � OQP k
ë % ìLH $SR kS
 ù�1 ( � ïLwIky�L���T�x� �yk �Íù���� E#��k�r�( ��� � �
E#s�¡¢�}( � FAH�E#£ �¤1

3.1 ¥�¦�§©¨�ª «�¬ ­�®°¯©±³² ´�µ�¶�·¸
3
~ r³:Q���<;'=�¹Sºnmo>A@<�QB`» p q@ñ/� C¼½¼ � � � �l¾ ù�1 . ï¿r ¸

4
~ � �À� � 7 %�$}øIÁy%dù2Â�Ã ÿ r óÅÄ�q0Æ�Çx�}ÈLÉ E ¸ ¡��wï -G� ��¾ ùT1�LÊA� ~ r . � r�¹¿ºnm?>�@<�QBÅ» p�q@ñ k�4ÅË ùÍÌLÎ�ÏSÐ�Ñ ÿ r � � � �
7 %/$_øAÁy%ÊùTÒ r Â�Ã ESFAHL
 ù21 (l� Á ( ��Ó � r óÅÄ�q�Æ'Çx�}ÈLÉ k�Ô%'Á FAHL
 ùT1ÕSÖØ×ÚÙ�Û�ÜQÝÞ�ß<à�á<â�ãLäyß�à<á<â å0æxç�èêéìëêíïî r'ðòñ ëêíïî � ~ r RGB � 3 ó ÿ?ô H�õ�E

float
� �ö� Áy%Å÷21ä�ø¿ù Ö�ú ãLäyß�à<á û �`+#ü�EGý�þ�
 ÷ ÿ w�r������ � Ç ~ 256 ó �����

�G;�� Æ � � ��
 1	� î�
 R9$
����� � ÿ 1(B) � º p û ��� � � Æ �������
���� E�� %�Á r ��� � �Å� �';���E! ÷T1 ¸ 4
� ~ r�"�# � ��� Ï%$ � ç& ���&�}� Ç � î'
 E#r����%��� Ç)(��&*,+ Ï!$ � ç & �`�}��;/EGr`(Å� Á r- # � BQ�/.�; & � Æ ���0��� 
��'� Ex(�1�231L�¢� Áy%Å÷214 ß�ø Ö65 ãÅÞ�ß�à<á �ïëêî#~ r����Å��� p¿�87 :�����; � �,E��I
 1 ¸ 4

�
~ r 2

3:9�;=< �ïëêî E������ � Çx��>�? k ¾ ÷A@ ��B�� ��� Á`%/÷T1 . ÿC ( #Å;I�6� � ~ r�:Q���<; �)7 ó,ESr�h�D Â�Ã (E , F , G ) E�7 %'Á)H=I �Áy%Å÷21
J=K ã J=K�L ßNM á OQPl~ r O:R Rl$ :L�}��;QN � R��TS�U P ��¾ ÷�1 . ÿ rOQPWV ��� ; R X (Y ë[Z Y]\ Z Y_^ ) ~ r:` p �Å� p�qba�c Eed +1ÿ 
 ÷ OQP �Å�

� V ��� ; ��¾ ÷216f ¸ � ~bO�P kbg�£ Ï!h�%�i:j � �¢� Á`%Å÷�1k 5ml ø 5)n8o O=P � r��l�%�}� Ç�� h	p=q � R E P0 ÿ 
 ÷ ÿ r�` p �Å� p
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��'�����]�]�]�t� �t�]�]��� ��} �t�0� Æ ���0���è é ëêíïî��ïëêî��

N � � N ��} �]�©���`�8� p
y ñ]E�� é � s u��x�|} ��� N } �t� ���y ñ]E�� é � s ux�x�|}%u � N } �]� u � wyïî ñ � s Y ë z�Y]\{z&Y�^�} �]� O:P�V�� � ;yïî ñ � s ë z%\|z)^�} �]��` p �/� p q Ryïî ñ � s E|z%F|z%G|} �]� : ��� ;)�

�]� 1. ���Q é � é s �¡u|z � z&¢tY ë z%¢]Y]\|z&¢]Y�^�z&¢ ë z�¢]\{z&¢�^ � }
Ex�xF6�xG��6�|£¤�t¥|}
�]� 5. ¦�§�¨=©ª � éïîòí �'«t¬ «�­ ð]®]¯ �]�t° � ë z�\|z)^ �]� w
�]� 2.

k 58l ø 5)n
(3FLOP)

ðïñ ëêíòî � ë î � 
��'��� � î'
�� � é � s � ë � � � é � s � \�� � � é � s � ^]�±��}
�]� 3.

Þ�ß�à�á'â Û�²Q³
(10FLOP)yïî ñ � s�s � � ëêî £ s } �]� ôW´ õyïî ñ � s � � � £¤�]¥�µ s } �]��¶ ô/´ õ

Ex� s�· E �¸� · � ëêî £¤E{}
Fx� s�· F �¸� · � ëêî £¤F{}
Gx� s�· G �¸� · � ëêî £¤G{}
�]� 4.

k 58l ø 5)n8o�Û3¹Qº
(3FLOP)ë µ_�xY ë } \�µ_�xY]\|} ^�µ_�xY�^�}

~
�]� 6.

Þ�ßxà�á<â Û	»�¼¾½À¿
�ïëêî_� u�� � � ��£¤E���E|} �ïëêî�� u�� � � ��£¤FÁ�6F|} �ïë î�� u�� � � ��£ÂGÃ��G{}
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R

P0

vlm

1. initialize

2. sample
1B

Index

r,g,b,t

0

255

map

3. calculate Pixel value

4. move

pxl

Pixel

Camera

(u,v)

Voxel values

Voxel

6. save Pixel value

5. judge

rout,gout bout,

rin,gin bin,

Ö
4: Ä=×�Ø Å8Æ0Ù&Ú ÇÛÉ�Ê8Ë=Ì�Ü/Í3ÎÐÏÀÑ�ÝQÞàß{á6â&ã Å ÓÀä�Ñ&åQæ
Î!ç (è , é , ê ) ë!ì P0 µ n í R (n î 0ï 1ï 2ï�íðíñí ) òôóöõ�÷ùø�úAû6ü Ö ò�ëÃý%þ)òÿ Í)ä��	ÍmÎ!ç��������
	�úAû�
��������� º��

Ò%ÓÕÔ����Áë 3 ��Ñ Å Ó�ä���÷���ú û! 	ãxÑ#"[ì%$eÑ 2 � Å Ó�ä'&%(*),+.-0/
Ä�×�Ø Å21 è43657"48457$689�':#;�ìôá6â�ã�Ñ while

Å ÓÀä�&�<ôÑ�=>��(.)��?�
	�úAûÖ
4 @QÑ�Þ.AÁë�Ò�Ó ÔB@QÑ,<�øDC�E�FG�H�.IKJ ì�L�M�ÑON�øP�HQ,+�ûD<����

ü Ö @=Ñ%R�þÀë�SQÓ
TmÑ�N�øP�����U�V	ÀúAû
áÀâ�ã Å Ó6ä ò�ë!ì*W�XxÑ#Y�Z'C å=æ�&%[#\ ]

1. ^�_.` acb
dÃ×fe Å ��(�)c+�ú û ÿ Í�äg��Í3Î!çxë P0 ì (h , i , j ) ë 0 C?kl.m +�ú¾û
2. ngo �>p o � ÿ Íôä#��Í8Î�ç�Ñ�q�r�& float s�Ñ3ÝQÞ (è , é , ê ) òQó�õx÷ùø

úAû�t¾ø¸÷O�UuQÞ2CeÝ�vw��x ( y{z{|6}�~/è±ì#y{z�|4}�~�é ì�y{z{|6}�~�ê�~ ) ë%ì ÿ2� ä
� ��� çD�U�#\,��×�Ø��/Ñ�q*r�ò#�6úAûwt¾øP�#�:ß�C��ÕÔ ÙO�� $63{��5�y�z{|4}�~�è4845�y{z�|4}�~'é68�5�y{z{|�}�~]ê�8��?(�)f� ì��������6÷��
�*��+�û���÷¾ø
x 1(B) Ñ Ú � Sx× � ò��	Ó����D�4� 1 ���0/��c �Ñc��×&Ø���= (h[ì�i ì�j[ì�} )
�U��úAû
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3. ¡!¢¤£¤¥�¦ ��§c¨ 2. ò��¸÷ ø
x¤�W×%Ø��%=��ª©P	��P«	×!ØO�%=��?(!)*+Áú û¬�­¯®±° (*)¤²�³!´2C���ú (h , i , j ) ë!ì�k l =ôì,��úO	=ëbì�µ Ú T Ù ­g¶.·� ° (�).¸.¹=ò#�GJ ì Ö 2 C%Igº�ú (rin ì gin ì bin) ò��6úAû
4. ngo �>p o �%»��%¼.½ ��ú ÿ>� äg� �%� ç�C�¾�	��D«ô×&Ø���=�(*)V&%¿�À

+�ú�ß ì�Á ° ÿ2� ä�� ��� ç0C åQæ2�UÂV+�û0�>��Ã ­,Ä'Å�Æ âmò�ë%ì�ü>Ç
acb�È °%É!Ê +�ú ÿ2� ä�� ��� çPCUÂ.Ë,+�ú,t/ß'C!��úAûwt ° ßO/ ° Ý�Ì
ë>Í R òP�wJ ì ÿÎ� ä#� ��� ç ° q.r��Ã÷Ïa�b
dÃ×�eÐ���O�ÒÑôßÓÁ ° ÿ2�
ä�� ��� ç�&�ÔDÕ�úAû

5. ÖD×�Ø�Ù 4. ò!�PxHÚÛ��	 ÿ>� äg� �%� ç ° q�r>�!�0�'Ã ­cÄ¤°�Ü*Ý ßßÞ*à
�
ì*�P��Ã ­.Ä �x÷� Qø.��	Wú'�#á,Zâ�'ã�-�ú
û ÿ0� ä
� �O� çc&,�D�?Ã ­Ä â
C¤�3ø
äP«ô×�Ø��¤=�(�)>�?åÎº ì�<ÎZ|òP��º%ø
ä�¿,À�+,úAû

6. ¡!¢¤£¤¥�¦ �¤æèç�é�ê «=×�Ø���=�(*)�¿,À¤ë�ì)ÝQÞ (h , i , j ) Côëbá�ë ° ÿ� äg� �%� çPCOI
º�úì(*)*¸�¹ (rout ì gout ì bout) &�í�îèïÐø,�V	�ú ûètAø,&
Ô�;�ú*«ô×&Ø%��=ôò��ÛJ ì � ×V� ­ � È ° «	×&Ø%� 1 è43657"4845ð$48�C�ñè/ìòg\%û

3.2 óõô>öK÷Gøúùûô>üÒýKþ0ÿ������
µ��:ò*Q��Ox ¬�­¯® ë	��
�ñ
�g���QòP�ÀúAû����0< ° Õ�Õ����èC9©0	��Î���
Ñ����
ÑßË��
+�úH&mì���� °���� òôáÀâ�ã
� ­ ä °�� Ë��=Þ�ç�Þ! .)ôÞ2�#"�$
+�úct�ßâ&8ò�/QúAûÖ

5 Cùì�%'&Û��x ¬'­¯® �?Q.+�û)(�* ­,+.- ä��4� 1 ë0/21=ì43Nß6587:9<;>=�?
+.@Ox!; °BAH°�C �
D�x	E�t*tOCF5G7H9JILKg<NM0OHK RGB P'3JILQ�5G7H9 °4R
;!�TS#U0Ç�;�(�)VM	O�W.îXM	O!YÛÑZEN[2\ °P¬�­ ®]CB^ K*È�_a`¤�b@ 1 c�� ­d CTe�°4f�g ;	hiD4Okj)@lEwt
m'MFO!YÛÑ�InKG\ 3

° � ­ d�o `¤�N@pK�Q�5
7
9 °rq�s ItK23JItQ�5
7H9 °4u8s ;	hvm�w�x ^�y Ñ yVzF{}|�~ U<SG� ­ ® Mr�#�
; e!° Õ�Õ	��©
�a@��GI�� Ci� @lE
\ 3 �T������U<S�K�� o _k�k� d 1 �b���4�b�)���4�!� z �r sk�H��^ K��� � ����� U�Sl� �b� �:�! ¡;	¢�£�O2K 16(FLOP) ¤ FloatingOperations¥b` y
@8�8I��H¦bUT@�E�§�¨!K�\ 5

CB^k©�ª�« �'�T��¬�­k� 6(FLOP)
C!®�¯ K2° q�C

12(FLOP)
C �T@pE�±�²B� q!sG³<^ K�´a� dNµ �,¶H� N3 � h¸·'¹i@NIº��@)IºK

16 » N3(FLOP) � 12 » N3 ¼ 4 » (UCHAR MAX ¼ 1)(FLOP) ` y @lE½�¾ K�¿�À CB^ ��� C�ÁkÂ �4Ã�ÄiÅF¹T�)�r���n;FÆ<j)@8�GI4`4�a@ÇE
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ÈÊÉÌËÎÍ�ÏÊÐ}ÑBÏ8ÒNÓLÔ'Ï�ÕÖÒT×ÌØÌÙÛÚÌÜ ÝÌÚÌÞLÔ4ßÌß}ÏÌàbá
â ÉÌãåäÌæ8çÌã}æ
Ò {å|�~Îè ÏÌéZÔ
ÈÌæ�É | Ñ | Òëê}ìíÓÛîaïaçÌã}æÎìðÑÎÔ ñÛñ Q!ò
ó,ôçÌã}æZì Ë�õöÒ | Ô
çÌã}æZìí÷.õøÒ | Ô
çÌã}æZìíù.õøÒ | Ô
{}|�~Zè ÏÌéGÒTçÛã}æÎÔ

ú
ÈÊÉÌËëÍ�Ï�Ð}Ñ8û¸ÒTÓLÔ#ç¸Õ

N
Ô4ßÛßÌç}à

È�ÉÌËëÍ�ÏÊÐ}ÑGûTÒTÓLÔ#ûBÕ
N
Ô#ßÌßÛû}àTá

ìÌìÌìÌìÛìÌìÌìÌì
üÌý ÏÌæÛä¡Í�þÛÿ þ�� â���� ×ÌÝ��ÎÍ ã��
	����ÌàÌàbá
â ÉÌã}äÛæGçÌãåæ
Ò {}|�~Zè ç}æ {Zè Í�Ï�ÐåÑÌà�ã}é è Í�Ï�Ð}ÑÛà
	}é è Í�ÏÊÐ}Ñ à��Ìé éZÔ
ñÌñ����������������

(6FLOP)ÈÌæ�É | Ñ¸Ñ8Ò¸çÛã}æÎì ÑZÔ ñÌñ ò�ó,ôËpÒ¡Ñ)õ ËpßTçÛã}æÎìíË Ô
÷TÒiÑ)õ�÷Nß¸çÛã}æÎìí÷ Ô
ùTÒiÑ)õ�ùNß¸çÛã}æÎìíù Ô
ã.ïåÒ��Ìã Ô 	.ïåÒ���	LÔ �)ïåÒ����ÎÔ

ú
~ ã}æ è û}é è ç}éÎìíËBÒ¸ËLÔ ~ ã}æ è û}é è çåéÎìí÷�ÒN÷LÔ ~ ãåæ è û}é è ç}éÎì ù<Ò¸ù Ô

ú
\ 5: �
� d�o�� sk�:� � ��!

3.3 "�# $&%('*),+ -/.1032547618 9 $&:<;1=>)
�	�@?BADCFEDGIH���¶KJ ^ML 3 c)�H�G� dONQP ySRUTDVXWZY\[¸y d �4¶^]`_ba

� R � LdcFe µ � �Df ª�« E5?hg��k�
i L\jIk � � �ml�n y�oXp�T�ÂdRqp N yzsr\t aT� Rvuw�x/yMz
{}|X~&����������� � Á �}����� L �}�O�k�G��� 1 �k�G�4�)�
��� L
� y ·���´��Z� µ �,¶ 1

� ��� z � � s��:� i L 12(FLOP)aT� RUu 1 � ª�« �
13



�
1(B)

p � RSp�L�c�e µ ���8� R �����Q����� L � y ·X� L 1(FLOP) ��� z �� ���K��� ³ i 1� 12 � 0 � 083(B� FLOP)
p�� £� `¡¡ÅQ¢K£ R¤u

§�¨ L §D¥ W £mf}� µK¦ �b�k��� —— §/¨�© �
ª^«�¬­£ o a­i LD®�¯�° �.�± i 2(word)� 2(FLOP) � 4² 8(B� FLOP) aN� R³ud´
µ �q¶M  LFY\[ � ³�·�¸ � TVX¹ ¹ © L �4�º?»AIC�EDG�H
�H¶MJ­i LDjIk � ��¼ l�n/� T�Â   Ldc�e µ �K�¹*Rv®^¯ � � £m  ½¿¾ L «�¬ °�À �a� (computation-bound) £&l�nXa¸� R�pÂÁ
¨ RUuÃIÄÆÅ�Ç�ÈSÉ ��Ê�Ë�Ì

N3 � ª�« �k�I� µ
Í �I_ � N2 ©�ª�« ���^E ª µ �<�
�ÏÎ�Ð ¹¿R³Ñ ° L 1 Ò8��� ª4« �SibÓ\Ô 1

� ´<�Z� µ ��¶�Å>¹ R�·^¸ aN� RUuZ¹
£�·X� L � µFÍ �I_^�K� ¹*RÖÕ�× �\i L ¿�ØXÙ�Ú�Û^ÜDÝÞi�ß pvà1o £D¾ u@´�µá ¶�  L A\C�â�� Í pvã�ä\å Ý �Kæ ¨ R �Zç µ ¶� �i L&è Ú`ÛDÜ\Ý á`é ® a}ç R³uê ã ���K£Më^ìDaQi L ADCbâOí Í ?³îmâQïñðDaQi\£¿¢ L3ò\ó �Öô�õ�ö �Mæ ¨ Rp�÷ ° á �Z¾ u ]�ødùUú�ÆIð p i L ç R ]�ø¿ù á­û\ü â�ýbÅ	¹S  NÞPkµ �XþOÿ
E�ÅF¹ R�� a¿�Kú�ÆiÅ	¹ µ � ÿ�� ã�³ � L ]
ødù*? ´�ø��Fa��,¶ µ	�bã1p�
��¹1RUu
©�ª�«�
�� þ�øº?�AXC�EDGqH�ùH¶MJ ãFè Ú�Û�Ü�Ýdi L ½�¾ ��� ¹ ����� L��� ã���� ��� ¢���� ¹1R¤u�

6 � L 2 � � ã	!�"$#%
�� þ&ø ?BA�CFEDGIHIù'&KJÞ�'( ¸IR)� � ã����>p+*
ù��-,�ù�& � ã l�n �/. � � ¹�u �10 L/2�3�4 á ��5}ã`L�* ù��-,mù�& � ã$67 � ç98 3/4 á * ùZ�9,�ù'& � ã l�n ��. �;:=<�>=< � ¹�u9?/@ âOí ÍBA ]OøÞùã$C�D á � ¹ ���&��E�F �HGJILK�M9N á�OQP þ$R á'S�T ¹ 8 M9NVU £X¶& I¾�8)W
F �HXBGYI E � � á K�MZN�[ çZ8 µ/\ E û\ü â�ý-] < µ9^ ø/ù`_ ã1a9"'#�
I ObP þ=R � [ * ùHc-,�ù%&�] < E ?B@ âFí ÍJA îIâÞïhð I`dfe/g ] <  S¾98+W

Ò �ih E ^ ø¿ùÆú jIð I 1
G ç-8kW

l M F ��m�n�G	I E � � á�o M�N1[ ç�8=p \ E­î�â}ï ð á$q n�r 8sW �/5ut 1 v
* ù�c9,�ù%& � 1-1 v p \ [ ûZü�w ýZ] < p m�X v ?�@ w í�x A ^ øÞù I E �f5
t
2
[zy|{�} *�~ c-, ~ & � 2-1 ����� r 8L� [�I E��f� � v�� Rf�`��� r � U�1� 8kW : v���� EV��� wz� { p 1

^=��~ v _ v 1(B)
{��$� j G����/� � U�[� 8�W�� v U'� E ^���~ A */�/� � L(B)

U r 8 U E ^���~ � j�¡ I 1¢ L UL� 8)W
� � G ^$��~ A *���� L

��£/¤ ¥ ]�¦ <�§�¨H© I ��� � Euªf« [�I L v=¬ IeV�Z­ E ^=��~ � jf¡ I`®�{�­ q nfr 8kW �$¯J�Z° E/± ² { p�³-´ [ E d 6 v
DRAM

I ?�@ w�µ x U v'¶Bv ^��Y~�·�¸ [º¹/g»{z} ( h E : v p \�^��Y~ A *��
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¼ ½ ¾ ¿ ¿ À

Á Â ÁÃ Ä ÅÃ Ä ÆÃ Ä Ç

Å Ä ÃÅ Ä ÅÅ Ä ÆÅ Ä Ç
Æ Ä ÃÈ É ÊÈ É ÈÈ É Ë
Ë É ÌË É ÊË É ÈË É Ë

Í Î Ï Ð Ð ÑÍ Î Ï Ð Ð Ñ

Ò Ó Ò
Ò Ó Ô
Ò Ó Õ
Ò Ó Ö

Ô Ó Ò
Ô Ó Ô
Ô Ó Õ
Ô Ó Ö

Õ Ó Ò
× Ø Ù
× Ø ×
× Ø Ú

Ú Ø Û
Ú Ø Ù
Ú Ø ×
Ú Ø Ú

Ü Ý Þ Ý ß à á â ã à

Ü ä Þ å æ á â ã ç æ è â ã é

ê ë ê
ê ë ì
ì ë ê
ì ë ì

ê ë í
ê ë î
ì ë í
ì ë î

í ë ê
ï ð ñ
ò ð ó
ò ð ñ

ï ð ï
ï ð ò
ò ð ï
ò ð ò

ô õ ö ÷ ø ù ú

û ü ý þ ÿ û ü ý þ ÿ

�� ��

� � � �

�

	




�

� 
 � � � � � � �
� 
 � � � � � � �

� � � �
� � � � � � � � � � �  ! " # � � � � � � � �

$
6: %'& v)(+* U-, ~ c/. ~10 & v ���3234

� � e��9­�U65º}B� 8 �-°sG � 8sW p U67 § E98 7 : v9;=< [ j � p Itanium2 c>@? w , v ^���~ A , �/� I E 128(B)
U eV�-­ E ^���~ � jf¡ I 1¢ 128

U�� 8)W
L A 128 v�� � E ^���~ � j�¡ vCB E r-�EDGF6HEIKJ9�J° v ^��Y~ v · ¸ � I

128L Uº� 8 W HMINJ	[ y r 8PO=Q=R ~ PTS I 1¢ 12U L A 128¢ 12 V 10W 7(BX FLOP)U ENY+Z v\[�¬ ��� U F\] v=¬ U�� h_^a`cb .adeRgf ~ P � ��� [6hiDkj Wmln roj
PC p WS v H3I+Jaq ^ � v ³	´ �Cr�� R ~ts S �vu+w {�}������ W ¹[ � v��/� ^x`\b ./d_ykz ?K{ vC| [=}K~ w�µ x�d � { �c�3� r�j v\� ^ �/�f�

¶ v e=� ¤ � `cb .ad�� �'�J~ µ��k� \ j � U�[u�xj W
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3.4 � 3 �������x�� : � q�� z ?c� 2t� � d }1~ { �N�H~)0-� v y ��� . �N� ���K� { ^�� .ºx� ��¡ v y¢z ?+{ de£a¤ ~'¥ }'~ w'µ x¦d `cb . ¥ vC§m¨ ��©\ª ��}�«K¬�{ pv­� z ?M� 2®� � d }'~ { ���1~106� � q %'& (m* ©f³°¯Py¢z ?+{ dT£°¤ ~ �±�² ©v³µ´¶¯ ^3· 5�}x}'~ w=µ x v �K¸+¹ ¡®º»%�& (G* © ³�¯¼³µ´ j ­iyiz ?{ dT£°¤ ~ � y s � { 2�© �/j�½K¾ v���� © q�¿ ��~ �3¸ ¡ � ½'À3Á°Â9Ã=ÄKÅ
Rgf ~�s � ��� ¥ �xj � ^ lKÆ ^ ½KÇ v$���+� q�¿ ��~ �K¸ ¡ q 1¢ L È L q�¿
��~ d , ���=É ©N´ � q n�{ ^a`cb .°d�� �G�J~ µ$�1Ê3Ë ² � `�b .adTRgf ~s � ��� ¥ ��5�}�{ ´�´Ì­
8 7 : vc;G<�� q ^ ½'Ç v%�1� ©EÍ	¦ j�Î�Ï �mÐ q ^ ½'¾ v'�1��v�Ñ Ã v

23%© �/j � ¥ �1Ò Â6Ãoj ­ ;3< © ¸�� p Itanium2
,  �R � q ^µ`cb .µd»� ��	~ µ��

41
, � z � ¥ÔÓ Z¦© rNÕJ� pEÖ ½3Ç v�� �Zv �EÐ q niq9×µ7 °ØÃf}f�j � ^3Ù ¸
PC v ³-´C©/� �'��~ µ v À»���CÚmÛ � q �3Ð q)À»�J­ q n|{�}�{

´�´Ü­
� v ¨;© © y�{ ^=Ý�Þ q %'& (m* ¥àß+á © ¿ ��~ �N¸ ¡�� ½GÀKÁ�r�j1} x� �H��s 2â� � d }3~ { �+�f~�0�� �@uKã r�j ­ } x)  �H�äs 2â� � d }K~ { �'�

~10@� � q ^ %�& (m* ©Cå DY°-æ¢}'~ w=µ xid � { q �K� {=� � ^ { p � 5�} ^� z ?M� 2¶� � d }G~ { �/�1~106� v ³Z´ � `cb .°d�� �G�J~ µ ©B³ j �NÐ qçµq3è ¥Øé�ê ��­L��j ­mëK:mì ç � q ^ }'í   �;�îs 2¶� � d }�~ { ���1~10� ©)ª ��} ���Nï j ­
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ð
4 ñ ò ó ô õ ö ÷�ø ù ö ú�ò û ü ý þ ÿ ���
YGZ�� [�¬���� �
	�© q ^ ¤ � .�� 0 [5]

� ê ��
 � © ³ 5�� ^��
� ������
——

H ©�������� ��� r Ö�� Ã�j º �"!$# j ­ �%� ����� ��� r Ö�� Ã3Ã'& ^
l n ï j PC p WS � º ^ }+~)(+*Eí ©�, 5 �cr.- R/� s S � uKw+ï j�0 ¥ ! �1 j ­�%2 � umã'ï j43 � q ^ ¤65t."� 0k¥87+9 � «a7 Æ ©$, 5�� ^ �:5�d }'~ {�m� � 0�� ©cÍ<; j � . í   �\¡ �3yxz ?N{ d £µ¤<� �8="> ï j º?� � # j ­�@ACB � 5 d }N~ { �G� � 0�� � q ^ %+&<��D ± ©FE 5)� ="> �:G�H ¥)I j y/z ?{ dT£°¤C� Ñ �µº��"! hiD¢j @NÖ ^ Y+Z�� [
JK�
� Ikê ©)G'ï j ,�Lv© ^NM  s �)O ² © h�P ï j�0 ¥ q � 1 I - ­ ±�² ©9³�Q ÂvÃ�j y¢z ?m{ de£a¤C� � ê
�R,SL © =K> ï j+T ! ^ u+ã 3 � �$U�5V�XW ¥ I j ­
4.1 Y[Z]\_^a` bdc
��5 d }'~ { ��� �6e � �Ky¢z�f { dT£°¤C� � =%> ï j�g ² q ^Kh�i �+j J

�
� ¥ q?k
l�m ISn ­�oKp B @C,�L ©?q �sr í   �1¡ � ���]t u
v ² ©:�
�w�
� �s�?x @ I - ­ B @w!.y � q%z�{S�+|
}�~)åC�.� æ q��$�w�
� �V�?���%� ïn 0$� ! g ��� I�n4� 0�� t qR# n���� (6*Ní]��� 5�� �'��� ()� B @ � 1 ~:q� � � 5s�)! r����:���'� � n��:� ~ � 5s� �
����� � �K�V� �Rr �6e�{ � �
� B8 _¡ � 0<� ~$,Ky ��¢�£ � � n4� o%p��R,�L:~K¤ r�¥6��¦6§ � �%�]t u�v� ~��
�w�
� �s�?x @ I -KT �4q � � A ; � � 5s��¨K©�ª�«+¬S­
! ¢�£ � � n0$� ~ ISn4�_� 5 � �$�"�%®C¯<° e?± t�u�² qs³�´ r�§ «+µ
¶C!�·.¸w¹6º � -»�¼�½N¾ °�¿ÀI Á
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> ô �'� °w�Sr"°?6 {C« Á
Â!@�A � ø ¹7B � � � 2DCE�F
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Â �H2 ò � � q ò « <�= â
> ô ø
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\$� - �K¥+� ¤ å¿ « Á
Â!@)Aùâ úR¸ \ L �<¥6� ¤ å ¿ ~wN ø ¹ � «���x�«�����¹$«K� °w��a"°6
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18



å ¿¹Á «KÂ%Ã�¹�«�Ä °�Å�a"°?6
b�â
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Best Case Worst Case
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øvÔ-ÖÏ»�÷�Òuø�Ø ÚÂÛ+Ý �Âú � ' 2 #%$)(+*�, ü�- �/. Ð10 ³ ±2� Ý3� ² Ç È.ó
ô�� á � » � » 3 #�$%� & ü � - Æ54 � ' 2 #�$%(+*6, ü+� » � � ü ®


15 �/7 , 2 #%$ - ±8� ¶�Ò�ö9��� Æ î � á Ñ ¶�Ò ±�Ó È Ô-ÖM» Ñ ¶�Ò ±�Ó È
Ø Ú�Û9Ý�: ú �<; ß=0 Ë�Ì , ü6> þ 
 ��� á ±?� ¶�Ò�ö -3@ Ó6A N � á N B 64 »C�D 0�ß ü<- � á ±�� Ý=� ² Ç Èróµô (x E y)

-
x » y � á�F ý�G ý log2 N B log2 64 B 6H : ú � � ü ®�I)� á Ñ ¶zÒ ±-Ó È - x J á y J�KML -=NPO Cx

á
Cy Q F ý�G"ý

Cx B Cy B 16 »5� D 0�ß üR- � á%S�T log2Cx B log2Cy B log216 B 4
H : ú QÑ	U Ò%V Ó È�Ø Ú�Û/Ý�: ú áCWYX -<Z T 2

H : ú Q Ñ	U Ò%V Ó È ÔTÖ7»[� ü]\ V �Ý^��_ Ç Èróµô (x E y)
Æ�á H : ú -9`)a “ b ” Ædc ßR0 á (x E y) B (xH b xL E yH b yL) »fe),

» á Ñ	U Ò)V Ó È ÔEÖ � (xH E yH)
á=F - Ñ3U Ò%V Ó È�Ø - Ú�Û/Ý2: úg� (xL E yL) »/�üh\rîÜï+ð á 
�i6- V � Ý^��_ ÇMÈróµô (39E 27) � á (39E 27) B (2 j 16k 7E 1 j 16k 11)

� & ü=l"m á (xH b xL E yH b yL) B (2 b 7E 1 b 11) »ne+o ü!\
6.4.2 p �5q�r^s)tu�v , ü V � Ý	� _ ÇpÈ�ó+ô l"m�w�x ÇpÈ�ó+ô - Ç È�ó+ôzy%{|� á Z�} Ð^�Ñ�U Ò�V Ó È Ô�Ö�~ Ñ�U Ò�V Ó ÈÙØ ÚÂÛ+Ý�: ú �[��� ß30���� \�
 16 � Ç È.ó
ô5y�{ Æ 7 , \R�)�?-z�)� � 3 #�$��)��� c ß)�9�%� � � á V � Ý���_���� ó ô
(x E y E z) �1. Ð90 á w�x ��� ó+ô�� x b y b z ~<� üC\ þ 
 S �17 , u�v , ü ��� ó
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0

zyx

&vlm[x][y][z]

x=

059

LxHx y= LyHy z= LzHz

Lx Ly LzHzHyHx

Effective Address

, ,

13

0log2N-10log2N-10

3log2N-1

log2N-1

2log2N log2N

3log2N-1

544

Voxel Address



16: V � Ý	� _���� ó+ô l�m�w�x ��� ó"ô3� - ��� ó"ôzy%{

ôzy){��"� á w�x ��� ó+ô�� á�� } - Ñ�U Ò�V Ó � Ô�Ö�� Z T � á Ñ�U Ò�V Ó� Ø ÚÜÛ"ÝP: ún� S)T �1�"� �5��~<� D 0§ß ü!\ , �6��� á V � Ý	� _���� ó
ô (x E y E z) B (xH b xL E yH b yL E zH b zL) �d. Ð/0 á w%x ��� ó9ô%� xH b yH b zH b xL b yL b zL

~], ü!\+
 15 �97 Ð=��V � Ý��Y_g��� ó+ô (39E 27) B (2 b 7E 1 b 11)
- î �8� á wx ��� ó+ô�� 2 b 1 b 7 b 11 ~<� ü!\O 0 á u�v , ü ��� ó ôzy%{��)� m ý?� w�x ��� ó"ô xH b yH b zH b xL b yL b zL �

� á�  U1¡ V3¢ �¤£�¥ (xH E yH E zH) Q Z T � á3  U1¡ V3¢ � Ø Ú�Û/Ý2: ú (xL E yL E zL)

Q S�T �z�|� m ýM0Âß ü�� ~ Q%¦�§ ��& ü1\   U3¡ V�¢ �¨£�¥ Q (xH E yH E zH)

��& ü   U3¡ V%¢ � Ø	© � & ü á ,2ª20 - V � Ý%� � á"  U�¡ V�¢ � Ø Ú>ÛÝP: ú Q (xL E yL E zL) B (0E 0E 0)
l|m

(Cx « 1E Cy « 1E Cz « 1) ��e O ý ü[\�� ý m�-
V � Ý%� � á w�x � � óEô3�M� Z �P� á `�¬ , ü9­�® xH b yH b zH b 0 b 0 b 0 lPm
xH b yH b zH b Cx « 1 b Cy « 1 b Cz « 1 �<¯�° , ü/\ � }²± �|~d³ XÕá"  U�¡ V6¢ � -%@
¢ A �  �´ :5µ U!¶�·6¸�¹ � , ü�º �%» 1 ; º   U^¡ V�¢ �½¼ º ,�ª%0 º V �=¾� �z» w�x �¿� ó+ô=��� Z ����» `%¬ , ü  �´ :^µ U/¶�·)¸�¹ º^­%® �+À � ü� ~ � � ü!\� }Á± ��Â�� � »   U=¡ V�¢ �ÄÃ ó5¢ _  �´ ô�õ+Å�Æ�Ç1È%�8�5» 1 ; º   U=¡
V6¢ �f¼ º)@ Æ�É � Æ	Ç5Ê��zË)Ì �1Í�Î , üC\ F º � � » 1 ; º   U�¡ V6¢ �
� Í�Î ± 0�Ï ü �?�5» w�x ��� ó+ô���� Z �"�z» �zº�`%¬ , üC­%®8º � �5l �� �=¾ ôR, ü+� ~ � � ü!\   U�¡ V�¢ �ÐÃ óz¢ _  �´ ô�õ2Å�Æ3Ç<È º ��� ó+ô
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º � �=¾ ô Ã6Ñ �9Ò�Ê º T�Ó �dÔ�¯ , ü � � » `)¬�­6® ¼ º  �´ :zµ U _ÖÕ ¢�Æ
Q � º ÂM�<� Ã%Ñ �  �´ :Rµ U O ý ü=l �µû l�m ��Ï \Á±�l�± » �zº=`�¬�­)®¼ º Õ ¢�Æ=�5» 1 ; º   U=¡ V�¢ � º Í�Î i � �5»�� l � l 1 ×  �´ :�µ U O ýü�� ~ � � üC\�<º�� ~ � Â D 03» �%��Ø È º	Ù�Ú Ê8�5Û S º Â?� �[Ü�Ý O ý ü�>
1. Þ�ßáà½â%ã u�v ,åä ���[æRç y%{+���z» (Cx E Cy E Cz) ��è"I2ä   U�¡ V6¢� º �%é �[Ô�¯ ± 0�³ m/ê » (Cx E Cy E Cz) ��»�ë�ìÁíïî N Q N�ð �Mä�ÂM� �ñ	ò �[ó?ô �åÂ�Ï \
2. õ�ö	÷²øgù6ú ��û ß�à ü�ý º  %´ :�µ U _Öµ�ç%þ�ÿ �8�5» ���!æ=ç Q `)¬
,åä  +´ :^µ U/¶+·%¸�¹ ºR­%® � � ì ¾ ç ± 0�»�� Õ�ÿ�� � Q�� ä � ~5�
��Ï \

6.4.3 p �5q�r^s)t��	��
 ù r àu�v Ø È º �¿�/æ^ç y%{��8�z»?V�ì ¾ î _g���/æRç (x E y E z) º x » y » z � F
�
G ����� ± ����» `�a ,Pä�� §�Q & X » �%��Ø È ��� ± 0 F º
����� ç í���� Q"!�# O � ä \ ±5l"±�w%$'&)( » F � � ç í�����* (,+ ¶.-)/%021 ä \�6�%Ø È & ³�3+ä &vlm[x][y][z] �MÂ���4 ���/æ=ç y){ ( » ���/æ=ç ��� � �ç íf�6587:9�ä;� &=< � Q Â�Ï \ Ë?>%@A4^î ¡ É _ ÉCB=Ç ÕRÿ 0 ( » ���Cæ=ç ��2( ç í Õ ¢ � �=* � 9�ä�D�~ 0 �FE�ä�D�~ QHG Ï l m 0I1 ä \�±<l ± V2J U<¡ÿ�_!æ Æ
K'J6Æ3Ç 0 ( »LD��?ÂM�M4zK�È 0 ( V�ì ¾ î%� ���dæ^ç � ��� 0ON 4
Ï2D�~ &MP)QåO �SR Ï \ V�J UR¡ ÿá_ æ Æ�KFJ�Æ�Ç 0 ( »�T 3

&MU ± R Â�� & »V ê%W Æ�ÉSJ6Æ3Ç5ÊA�
X�Y Q"Z�[�\�] Ê ] ~ ±M^�_ �2` � ä R � »2a � �Mb ]& y){ ± R � & �¿�dæ=ç � ��� 9åäc��dIe 1 ä�f ± R eSg ^ » &vlm[x][y][ z] ����F( »�h & ç í Õ ¢ � ��* � 9 �Ai Â�Ï	� 0 ( 4 ð » x » y » z � 3 j:��k'l�mn 9|ä�o�pSe���drqM4�ä�fs�t Ø È 0 ( »Suwv æ^ç;x�y ( x » y » z l)a �Iz�� xH { xL » yH { yL » zH { zL q���}| »2a��
�}D � ` 6 j%�
k�lMm n 9Pä���dIe 1 ä�f'a)� R)~ »���� Ø È 0
3 j:�
k�lMm n 9 �Ai Â3Ï�� & �A� ^ » ��� · ����* (6� 3 ` � 4�Ï6f|,�F| »)���2�S��BM��� W e���E�ä=�����������
����l���� �IiH� a)� � ç
í (,� � & \O� ð�� E�ä:D%q�e 0ON ä�f���E iH���)� ����� 0 ���S  IA-64 �
�2�¡�'¢ &)( � T 17

&MU 9 dep £ Deposit ¤¦¥�§A¨8��� [9] e 1  �f©D,�;����lª �C9�« i"� s�t ��uwv=¬
­ x�y l 8 ��� 0�® � 9� :DCq�e 0ON  �f'4?¯�D,�
��� 0 ( � ¬.°;­C± r2 ²
kIe�³�´ & 4%3�« i 4 ` 4�� R)~
� dep��� 6 µ 0 (
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dep r1 = r2, r3, pos, len

r2 r3

r1

len

pos

T 17: IA-64 ² dep���
uwv¶¬"­ x�y 0·N 4���DAq�¸ P�Q � « R � ¹ xH

�
yH
�

zH l r2 ¸����'¢º9O 	¸» �
x
�

y
�

z l	a
« z «	³�¼�½¾¢¿9¡ cÀ�d�e%ÁI Âf �)� ²;�	�.Ã » ��Ä ²;���'l
��� R n�Å l U:Æ f
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Ç
7 È É Ê Ë Ì
Í � Ã » �)Î	Ï�Ð�Ñ8Ò vÔÓ¾¬ ÒFÕÖÎ	× ­�Ø�Ù	Ú
Û¶ÜC²,���Fl¶ÝßÞàf)á,â ��Î?Ï6ÐÑ	Ò vãÓL¬ ÒäÕåÎ%× ­�Ø�ÙAÚ�ÛMÜS²)æ Ð"çSÐ�è ��vÂlMé�ê.Ã _ ~H� a�² � ¸Aëì ��í8Ó �2Î:Ï"Ð:Ñ?Ò vîÓ}¬ ÒïÕðÎ:× ­�ØAÙ%Ú8ÛMÜ'¸
jA� ^ Itanium2 ñ ÐHç ê
²S��ò
Û:ó�ô:lMõ�ö |�÷ ²
ø.ù�ú)û¡l ®�ü Æ  �ý
7.1 þ©ÿ�� ��� ��� �	� 
 þ���
�� �������������������! �"$# ²�%SÞ;¸ �FÎ:Ï�Ð.Ñ�Ò vãÓL¬ ÒäÕ�Î%× ­�Ø�ÙAÚ"ÛMÜ�¸"¯'&A  Î:Ï�Ð.Ñ	Ò
vð²����)(�Ó » �
1.
Î%Ï"Ð:Ñ�Ò vð²+*-,

2. ­ Î%× Ú x�y
3. ë ì �8í	k ®).
Ã ÁI cý0/21�Ã » �A÷ « z «A²4365�¸H¯7&% ,æ Ð
çIÐ�è �Sv�² ®2.)8 l:9 ~  cý;)<>=)?7@�ACBED0F
Î:Ï�Ð.Ñ	Ò vð²G*H, » �'Î%Ï"Ð:Ñ	Ò v�²>I$J-KML	uS½�ÙCÚ x�y Æ   Ä q;¸N%O ÝïÞ ýPJNK 1 QIÁHR O ² ®H.H8�» � 4 Ý 4 SF² x�y Ý)S q 4

�-T'U ì ¢ íA²V ¸ 28 (FLOP)
��÷ «F¸:WYX[Z �7\��P]2^�_a` ­ ì'b Ð ÚÂê�² ]2^7c ² x)d ¸

3 (FLOP)
_2_ O � ®6.68 ²fe ®�» 31(FLOP) ÃSÁ�  ý Ñ b Ï6Ð ôhg�² Î	Ï,Ð�Ñ"Òi ²�µ6j » ��Ñ b Ï�Ð ô?²lk V N3 L Î�Ï�Ð�Ñ8Ò i ²lk V 16 m 16 m 32n 8 (KB) Ãoqp R N3 r 8K Ã ÁI  ýYs4Rht p Z � *H,	��� ² ®6.)82» 31(FLOPuvJNK ) m 8 ( J

K ) m N3 r 8K Ã2ÁS �ýw k�² ®P.P8 ¸yx Æ  z*-,�����²7{[|   o eYLf9	|  �ýP} 4
� Ã #�~ R7%SÞ

¸ � ñ�Ú[� b Ú"ÛfKSÁ)R O ² ®2.)8�» 13(FLOP) Ã Á p R6ý 1
Ñ ì4� í�Á)R O 1� ñ�ÚE� b Ú�Û)�,«¡ 7� Æ  7��� w k�² ®P.)8F» 13N3 (FLOP) Ã2ÁI �ý$*-,0�� ² ®).P8 L Ä «)Ã o  7��� (31 m 8 m N3 r 8K) r (13N3) � 0 � 0023Ã2ÁI �ý

*H,$� � ²7{E|S  o e » �O¬.Ú4� b Ú"Û�� � w k2² 0.23% ���)�6���M���$�� syZ�%>�,ý� ;-�)�l�2�
­ Î:× Ú x6d � � ¸ _2_   ®2.)8�» � KE�)��¸��-� Æ  cýI­ Î.× Ú x6d Ã » �

­ ìNb Ð Ú � £ u ¡C¨f¢'£A¸¥¤�¦�I�­ Î)× Ú?ó Ò Ú-� Î�Ï�Ð.Ñ?Ò i¨§ ²E©�ªH°6²« KA² ]2^ Ll9	|�¦¬R6|­� ÷ ² ®).P8�» ­ ì7b Ð Ú ê�¸"¯'&®¦ ÎCÏ"Ð.Ñ	Ò i¯§
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Screen

u

v

0

16/ 6

32/ 6

96/ 6

Edge
Scanline

du du

v = i

v = i +1

v = i +2

°
18:
ÎCÏ�Ð.Ñ	Ò i²± x)³P´�t v ¡�� µ�Ý�¶:·Pe

±4¸ ¹
v ¡®º[¢»£ ±h¼�½ �$¾y¿PÀ Æ ¦�ý

/012�lÁ .28 tGÂ ¼ �y¶®¦ÃÂ$Ä ± ·2eq¾GQ®�­Z¬Å�XN¦Âý ÷GÆ /6Ç ± ·2eMÈ:�fÂ
Ä ± ·Pe ± Á .P8 Ã6ÉqX `�Æ ¦�ý� KNth�'Ê[Ë-K�¾EÌ»¦7�ÃÍ�¦�ý�Î ± � ½­± *-,2¢.ÜMÈlµ�Ý6*-,PÏ	Ì'¦�ý)Â)Ä± ·)eaÈl� ° 18 Ðq¾yÑHÍY%SÞl¾:� Î�Ï
Ð.Ñ?Ò iC± x)³)´7tNÒ ì�b Ð Ú ± v ¡��
µ�Ý��:¶7¦�� ½ Ï�Ì'¦cý�Î ± � ½4± � KE�)��Èl� ° 14 Óq¾yÑÔs4R+� U ì�Õ í>Ö
thÂ2�×�f¶'¦Ø·Pe×� \qÙ ÏMÌ»¦�ý
Ò Î%× Ú x)d Ï�Èl� Î%Ï�Ð:Ñ	Ò i¯§�± ©ÚªEÛN� �MÒ Î%× Ú	ó Ò ÚN� ± « K ±]6^ L:Á . Í�¦cý ° 18 Óq¾yÑHÍY%IÞl¾:��Ò Î.× Ú?ó Ò Ú4È u ¡��Üµ�Ý)Ï6ÝNÞ$ß
¾y¤ p ZN�7¦ ± Ï2� ]6^ Á . È u ¡2¢'£ ± x � du L:9�|4�-à�á0â b+ã áhä+å�¾
W . Í�¦-ÎN��Ï29	| `æÆ ¦�ýç-è>é-ê à i ÌHR O ± Á .P8 Lf9M|�¦ ý \ °0ë2ì _�` �2í6î 0 ï v ï 16rñð 6

ÏaÈh©Úª0ÛÃjYÈ 2� 16r ð 6 ï v ï 32r ð 6 ÏaÈ 4�	òMslZ[� 32r ð 6 ï v ï 96r ð 6

ÏaÈ 3 ÏMÌ»¦®ÎN�ætE� _ ¦ôóõs¬ö0t p ZE�2ÁP÷HøaÈ 2 m 16r ð 6 ù 4 m (32r ð 6 ú
16r ð 6) ù 3 m (96r ð 6 ú 32r ð 6) n 48 ð 6 (FLOP) Ï	Ì»¦Øó)ûHü-ý�¾2Èlþ `æÆ ö u]2^qÿ Ò ç�� á � àaá ± å é �������Há[ä ±	��
 �
�����¬��� 
 �������q�'¦
ö������Y¾��! NÍ�¦#"�$&%NÌ'¦Øó�Î Æ	ÿ Å('�¾�) Æ ¦+*��0Á2÷)øMÈ 2 ,Y¾0¶7¦zó-/. ¾:� 9 0 ± ©�ª[Û ± du

ÿ21 �43 ± ¾ 9 5 3 (FLOP) 6�673 ± ÏP�[Á)÷PøMÈ98
ÁPÏ 27 ù 96 ð 6 (FLOP) Ï�Ì43Øó
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stage1 stage2 stage3 stage4

d

s = 4

t

1
2

3
4

n
n-1

n-2
n-3

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

Prologue:
(s-1)d cycles

Kernel:
(n-(s-1))d cycles

Epilogue:
(s-1)d cycles

°
19: :!; Õ ��<	=>�@?'à7A � à+B»áDC

ëFE ±HG!I�J�K *ML2N�¾��²ÁE÷$ø ±�O 8 ÿP1 �/3Q* � (27ù 96 ð 6) 5 (N3 R 8K) R (13N3) S
0 T 0025�(U7V�W&Xl� 0.25% Y[Z73ØóaÒ ç�� á#�� [\D]P÷-ø[^�_a`�b -[c �d�¬ö
%feg��h�i��2�[�	jfók�lnmno�pQq(r
s!t�uFv�w ])÷7\x])÷Pøzy�{&jF�&^l� s�t�uFvF| �f}�~D�Q�n�>� | *n�Dy��

� c 13N3 (FLOP) Y[Z�3æó���6����!� 5 �N�+���D�>�!� 6 ��Y��
��ö4���xy+�
}�~D�a�n��� |�� ����} � Ò��&�/�	C��(Y[^F� td��v	� %D�������!�
%��a QU
3Øó
� td�¡v�� *£¢(¤��!�[\F¥�¦�^�§ 13 Y)Ñ��­ö�*¨�ª©«Y�Z43Øós�tguDv�| \�� t¬�­vD� %a�[®¯~9��°�\�±!��² N ³ 128� 256� 512� 1024��´µ´¶´
Y�Z43x\+yH·��Ø�[}�~	�a�n�>� | \Hò�¸�^�}/~D�Q�n����\!±(�(²�Y(¹[ºd© �!»¼ Y 13.9 ºgYn�a aU½3Øód¾¿¸[yQ��3¿�����( �^HÀ E \ 2


 y¯·��MÁ�Â/Ã�Ä!Å(Y
Z43Øó(Æ� ½y$ò!\����(�a 7\	Ç&È ÿgÉ�Ê �Ø��}�~D�a���>� |�� �Ë�£} � Ò��4�
�	C��4\��!�½^F� tÌ�¡vF� y��z©Í¹[º+3�¾�* ÿ ÑQU¬óÎ�Ï \xÐ�ÑÒy¯��j2ö+A
Ó�C � °(^+��»�ÔxÕ v �4A ÿ :!; � ��<	=>�@?
�7A �
�+B
�	C�y��½©�»�Ö(×d�H�&j
3ØóaØ�Ù�Ãfyf�Ì:!; � �n<	=��­?
��A � �+B4�	C
yQ��©Ú»�Ö(× - ¸»ö v �
AF^l��§ 19 yyÑaUz�
�2y:�DÛ!Ü�U½3��&Ý � �
Þ�ß��2\à�á V
3¬Ò�����â ÿDã ��ä7�7å4æ�A����	ç(è - ¸é3¿ê
ºgëh��»�ÖQ× - ¸�ì v �4A�y�{
jF�[�!ç(è�í&\!±(� t2v �zî 1 ��3�ê(ï�ð
ñ

��î n �-Ò!���[âò��î s �Qó7�¯�>� G )aô�õ�î d *òU½3+*²� 1 �432±�� t�v �[^l�
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1. A
Ó�Ó��
C¯ö ÷ (s ø 1) d ±(� t2v
2. ù	��ú v ö ÷ (n ø (s ø 1)) d ±(� t�v
3. û s Ó��
C¯ö ÷ (s ø 1) d ±(� t2v
\�ü)� (n ý s ø 1) d ±�� tHv Y7Z43�êfì�þ��z�d¾¿¸[y�^�}Qÿ2æxÞ�~�� � Ò�y���3
Ò � � v ^��zºx¸7V�j9ê
� td�¡vn� \x���éy��z© � s�t�uFv�w ]	�½y�

�/3����	��\g��j&A
Ó�Ó��&C

öH��
����>�/û s Ó��&C�ö�������3 O 8
� à ·+Ã�y���� c V�© ���������a QU
3�ê�Æ� P�� 	!#"zî%$�j�&+ó�¸fîfÑfóz�Íê � - N ³ 1024 \xi('�y�{
j�&[�
1.
s�t�uFv�|�� �)��}�ÿEÒ��&�/�	C��zy�
/j�&[� s!t�uFv�w ]#��îD� td�¡v�

n ³ 1024 \ v �4APY!çaèQUé3+*(8
* �
2. }�~D�Q����� |d� � ��}�ÿ[Ò��&�+�DCH��y�
/j,&>�[}�~D�Q�����.-éyH` O/ &	è �0*(8H�aU7V�W/X:�&� td��vF� n ³ 32 \ v �4A�î 1024R n ³ 32 ñ�1
©32�UÌ¾/*òY 1 �73+*a8

y�{+j�&�ó�\!±�� t�v,4 îHÁ�Â�U½3#ê�¾�¾ Y2�/� tÌ� vF� n ³ 32 ^+�4}Q~��a�
��� \65�7�� 16 5 16 5 32 \�89��\x»;:f\<*(8½y9

��3>=#?&� tÌ�¡vF� Y�Z
3¿ê
À	@zy�� tÌ�¡v	� îBA(CaUED�8��GF	Hzyx{&jI&&^ (1024 ý s ø 1) d ±a� t�v �,J
H�^ 32 5 (32 ý s ø 1) d ±(� t�v YfZ�D�ê
?½å,KF�+Ý s � d yx{+jI&+^l�Dç(L&\�Mg�ONQPSRgó�\ w îBTUD#ê Î�Ï \gÐ!Ñ½y

$�j�ìWV
Ó�X�å	°gYf^+� ®fÒ � � Ò�Y[â�~D�é®n�IX�yZ�z©�»�Öa× / ì�[#\)� st�uFvn| �[}�~D�/�n�]N | 8��	y$Ò(����â 4 s ³ 9� G C/ô�õ d ³ 5 YfZ+eFìgê
¾�¸^R�îBA	CaUEDW8�� 1.

s!txu	v	| \�±�� tHvI4 5160� 2. }�~��(���_N | \�±
� tPvI4 6400 �9T`R¿¸$��� t¬� v	� \g�!��yZ��©�±�� t¯vI4 ��a(��UbDa¾Z8c�d(e Y^�#D�ê
ç#L[y�^l�z¾�¸fy�}(ÿ2æ9Þn~�� � Ò�f;gQí+\PÒ � � v �9h7W�D�ìi�4��ç!èaí+\
±!� t¯v�4 ^
¾#¸j�[©k�b� c V�D ê / P / �+å��[�ml,$#n���»	��×jo�¸&ì�}�~9�
���_N |d� �p� }(ÿhÒ!�/�Q��X���Yf^l�&��®g~���°<q;r(í+\/}(ÿHægÞ�~�� � Ò(^
åx���gZ(ì�© 1 ñQ\�s>�QU7V!W/Xf�#t 4 ñFY�Z�D�\�Y)��ç(èQí&\!±a� tHv�4 ^
� tÌ�¡vF� Y(¹[º�DW82j(u�D�ê
ov&[��Æ�ÀaYf^ VLIW V&Ó u æ�±DÀaY
\xç�è�îB"½yxw�y ÉQÊ / ìI�[�Gz#{ �

� v Y
\9�G�(×�îx|�Ã7y�èª�yÒ���}
�PÒiY��4åE�~V&Ó u æ#±&yx{+j�&z�x�v�½y:�
� tÌ�¡vF� \����éyZ�#D¿�����a �����¾�DQ¾�8gyx�	��o2¸7ì�j9ê
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�
1: Intanium2 \6���

|������ 4 1GHz� |�b 4�� z#{��FíGf�è 4 2z#{s � t+� �(�!� 2GMACS1)

ÞI����°��@ä��_�­ä��bN�� 6.4GB� s
}�ÿ2æ�Þ�~ L1D L2 L3

±(�(² 16KB 256KB 3MB

åx���^� ±a�(² 64B 128B 128B�i� � 4 4 8 12
� �Q����Þ INT 1 5 12

loadto use(cycles) FP NA 6 12
1) Multiply andACcumulateperSecond

7.2 ��� �������`������� �¡ ��¢S£6�¬��¤�¥�¦Z§G¨�N ¡ª© ¨)«~¤�¬,�;­�®�¯IXx°�±�V�²�XZ³I´µ
Itanium2 ¶Z¦9·�¸#¹�º	»½¼+¾;¿ª¼�À<[	\ µ�Á(Â�Ã Itanium2 V
² �bÄ ¶(±6�(�µ �

1 Å ÁZÂ�ÃÆ�ÇIÈ�É,Ê
�i�6�I I¡`© ¨p«k¤	¬��;­�®(¯�XB°SË�Ì 5 ±�Mv¦ON µ�Í ¤	¥6¦�§,¨_N ¡`© ¨p«

¤�¬��;­
®W¯�X�°�Ë ÍSÎ9Ï Å�Ð 4 Ñ Í ¢S£�Ò Í Ð 5 Ñ(¹;ÓWÔ�À�Õ�Ö µ hbu�ÀS×
± µÙØjÚ À ÃEÛ ¯c}�¨�³IË GCC2.96 ¹ Í9Ü;Ý#ÞWß�à;á�â ¯6Ë -O4 ¹�ã
ä Ã À;å
¼ ÍiÜ�æ6ç�  ¦ à Å6è Ú�é Ë Í	êië ¹iÓ�Ô
À�£�ì<Å�íiî½ï �i��ð «òñ�¨ à ³6¨ó ¯�ô;Å�£bõ Ü	Ý#Þ ¼ éWÚ ä Ãjö À Í �Oï�÷%¦½ø9¯Iô SIMD ùZú�û#üjËxý Ø ¼éWÚ;þ	Ú�Ã
ÿ������
ö��IÍU���9�, �¡½© ¨)«~¤Z¬��;­
®�¯Iôx° ÅI¢
	�ä Ü�� ±���
�� Ü�� ±���

Å�è Ú�é����Eµ����ZÂ ä Ã	Ü�� ±���
�±������� jË Í Ì 6 !;¸EÅ Á ¼�À�£�ì<Åð �6� �_«òñ#"�¯%$ ð'& © � ¡ Å þ ä�£�ì þ �� Í�(�)#Í�Ü�� ±���
jË�*GÌ�!+ ±�£�ì<Å%�-,.$�³v¨ ¯ )0/ �21�3jÅ þ ä;£�ì þ �� 	¹�ã�ä Ã
¾i¿�4�5 µ76 2 ¸ ç Å ÁZÂ9Ã�6
æ ±�8�9�Ë Í º�: MFLOPS9 —— ;�< ± ��=>
13N3(FLOP)

µ ;�<@?-A ¹�BDC�À�9�¹jã�ä Ã ö À Í () Ë�* ( ± N Å,¢0	
ä Í
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6
2: º�: MFLOPS9

N 128 256 512 1024

PO

Ü�� ±E��
 1268(1.0) 1348(1.0) 1356(1.0) 1360(1.0)Ü�� ±E��
 592(0.47) 418(0.31) 326(0.24) 307(0.23)

CO

Ü�� ±E��
 887(0.70) 877(0.65) 876(0.65) 877(0.64)

PO ± Ü�� ±E��
 767(0.60) 761(0.56) 763(0.56) 765(0.56)Ü�� ±E��
 683(0.54) 678(0.50) 683(0.50) 685(0.50)

( MFLOPS)

�;���� �¡ ± Ü�� ±���
EÅ%F Â äHG(¹�ã�ä Ãjþ ¢ Í�60I ¹�Ë �;���� �¡�µ PO
Í

¤�¥�¦(§G¨ & ¡bµ CO �KJ�Lª¼ éWÚ ä ÃM Å Í ¤	¥<¦(§�¨ & ¡`© ¨½«ò¤;¬��;­Z®	¯�ôB°�Å6è ÚIé ¾�¿ Â ä Ã ¤;¥v¦(§I¨& ¡ ± Ü�� ±���
 Ë Í�N�OQP�� ï  SR $ Ü-T Å þ ä
�VU�¹�ã�ä ÃXW ±#�YU�±��
�Z�� jË ÍU�	���� I¡ Å�¢Q	�ä Ü�� ±E��
��[*]\+¹Sã
ä Ã�(�)#Í�N�O^P�� ï  R $ Ü�_ Å þ ä Ü�� ±���
�Å�è Ú�é Ë Í`�;���� �¡ ± Î9Ï ��Ë��@�Z�� ^$�` þ
ä Ã ¼6À�$aC éIÍ G�b�±(À�cZ¤(¥9¦(§,¨ & ¡½© ¨_« ¤(¬Y�	­�®�¯�ôB°�± ��� Ë Í
1.
Ü�� ±���
 Í 2.

�;�6�� �¡ ÅI¢
	�ä Ü�� ±���
 Í 3. ¤(¥�¦�§G¨ & ¡ ± Ü�� ±
��
�± 3 èZ±E��
bÅ6è ÚIéY���bµ7��dZÂ ä Ã ¾�¿�4�5�ËS* 6 + ç Å Á ¼ é�Ú ä Ãe�f
������ �¡ ± Ü�� ±���
Z¹�Ë Í N $ T U0g þ ä�h0i Í(Â�þ�j@k�Í.P�� ï  SR

$ T UQg þ ä�hQi ��� Ë / ¸ Â ä�$ Í�Ü�� ±E��
(¹SËml Å N $ T UQg þ äYhai
¤�¬ Ä�á ¥�±on Ø :�p^$ ��Þ ¼ ��� $Vq + Â ä Ã#ê ÓS±�£�ìvÅ Í ¾	¿�r�sS±.tu ÷�« © ¨Z­�¯ á Ë 41 ¶	¨ �B  �wv�x�Å%y�z	¹�ã
ä Ã�Î ±(À�c Í t u ÷�« © ¨
­S¯ á $S{�|.}~� þ ä Ü�� ±���
EÅ�¢^	Wä ��� × Î�Ï h0i�q + ¼ éWÚ;þ	Ú £�ì
ÅV����ä Ã ¼m��¼ ÍY�iØ PC ±�£
ì þ
© ¨(­�¯ á ± T U þ r�s#¹�§�÷<¥v¦(´U« ©
¯o��÷G¯Iô µm� ¢Uì�� Â ä
� Í�Ü�� ±E��
�± ��� Ë W Ï £bõ��@��Å�q + Â ä W
�vÅ þ ä Ã(�)#Í	êië ¹�ÓWÔ�À�£�ìvÅ�¤�¥�¦Z§,¨ & ¡½© ¨)« ¤Z¬��;­�®�¯�ôx°
± ��� ËP�� ï  SR ¹�� ö ä Ã�Î9Ï
�9Ï ±���
EÅ6è ÚIéIÍ�Î ± ��� Ë N ��Ë����#¹�ã
äW ��$Y���	¹�U	£
ì ÃiÜ�� ±E��
bÅ�è Ú�é Ë Í������S�I¡ ± P�� ï ��R $ N ¹
ã
äv±�Å�F½¼ Í��������I¡ ¹SË 32 ¹�ã
ä Ã ¼6À�$0C éIÍS�Z� Ë%q + Â ä Ã l Å

45



�����S��¡ ÅI¢
	�ä Ü�� ±���
EÅ�è ÚIé,Í^P�� ï ��R Ë���� Â ä�×�±;± Í ³6¨
¯�n Ø p.$ Ü�T;Þ � Ï ä�À�c ��� Ë / ¸ Â ä Ã
� é�Í	ê Ó ¼�À�£
ì<Å Í § ÷�¥�¦Z´_« © ¯o�j÷G¯�ô�Å�¢ Ú�é ¾	¿ Â Ô]U�Ë Ü� ±E��
�± ��� ¹�ã
ä Ã½© ¨)«~¤�¬S�;­
®�¯Iôx°�± ��� Ë Í ³6¨b¯�n Ø p.$ ÜT ± 1 ¹ Í �iè Í^P�� ï �SR ± T U Ú ��
 ÍZÂ�þ�j.k�Í����V�S��¡ Å�¢
	�ä Ü� ±���
bÅ Ü�T � þ ä ÃXW>ÏSµ 1 � Â ä^� Í�Ü�� ±���
�± ��� Ë Í�Ü�_ ¹ 0.23

¹�ã
ä ÃDWÙÏ Å�Fª¼ Í ¤Z¥9¦(§G¨ & ¡ ± Ü�� ±���
Z¹SË 0.50 � Í������S�I¡ £
õ 2.2 � / ¸ª¼ é�Ú ä Ã� õ��ª¼IÅ þ äm$ ÍD���V�S�S�a o��� Ë�t u ÷]¡£¢m¤-¥§¦ á ¹ Í�¨-©�ª�« ¤& �a Y��� Ë àQ¬m�EÄ ¶  V­�= z�®(¹�� ö ä Ã ¼9ÀZ$aC é�Í��	Ø PC

þ i�¢�¤
¥§¦ áV YT U þ r�s#¹�Ë Í����a/ ¸�pSË@�@�IÅ7y¯g þ ä���Å7°�± ¼ é�Ú À	å^U
À Ú�Ã
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²
8 ³ ´ µ ¶'·
¸�¹ Ø Ú � Ï�é U�À ���V�S�S� ¢E¤º¡ ¨�» ��¥^¼.¦�ô7½�¾�Ë Í ���   �� bÅ¿ C é Ë Í�¨�»�Ä�á�© ¡%À Ä ïÁp^$�ÂXÃQg2q + Ã ;@< z�®0$0Äai^g �ZÞ Ã é Ãö ì Ã�Î§W ¾�Å�Æ�¾�Ë « ÷ ©Yª-Ç-È�¨�©Yª-« ¤ & ��É�Ê@Ë^Ì�¡ « ÷ ©Yª-Ç-Í7Î

BÏÃÑÐ ¨�©Yª�« ¤ & �#Í�Ò�Ó�È7Ô c�ä ¨@©Yª-« ¤ & � ¢E¤Õ¡ ¨�» ��¥.¼.¦�ô7½È%Ö�× Ã�Ø�Ù Ö�×�Ú ½�¾§ÛmÐo�-�   �� ÍEÜ�j � � Ð « ÷ ©�ª�Ç�Í F-ÝEä ¨�»�Þß © ¡7À Þ ïàp È7á-T�â ÝEä W �H$S¾ãU(äÑÙ
Ø;å0Ã�Ð Ö�×�Ú ½ Í ¿ õ[t u ÷  oä�å��.æ. oç�è�Í�éQê Ý�ä ��� q + Û�h�ëþ g þ C�ØZ$ZÐ W�ì å@	�¾]Û
í ¬m��Þ Ë  Yá@T����îÈ�ï UYðZÝ Í Û�ñX� þ-ò Ù¨�©oª@« ¤ & � ¢E¤�¡ ¨�» ��¥-¼�¦�ô7½ Í ÛmÐ 1.

P§� ï ��Ra  ��� �KÐ 2. ó�ôÇ ¡öõ�¦Gî
÷ � ï÷� ò ì 2 è  �øZù $@ú
û��§�H¾aú
û�Ù ¸�¹   ¿ ì Í�« ÷ ©VªÇ�È�ü�ýjþ
3
M�þ |�ÿ��ZÃ éSd�� Ã é^ò û^��Ð W�ì �  �øZù Û�� ò�Í�� 
ÏÃ��)]È���è Ý�û W �mÛ
	 Ã ò Ù

Å�Æ�¾§ÛmÐ 1.
Pa� ï ��R§  ��� Û « ÷ ©Vª�Ç�� A Ð 2. ó�ô Ç ¡wõ�¦Gî�÷ � ï

Û ð'& ¢o� � A  SøZù ¾aúªõ Ð Î
����� ¾aú0û�� Í °��-Ã�Ð WHì �  SøZù]È *
? Í�� ��Ýãû W �H$S¾îU�û�� & ¢V����� È7Ö�× ÃoØmÙ W£ì�Í ¿�� Ð P���� �SR
Û á�T�â � ì Ð�ó-ô Ç ¡Ñõ�¦��! ���  �øZù#"$� �-Ý#û W �H$S¾îU�ûÑÙ

Itanium2 Ë ª&%�' ¾�í ¬)( ô Ç�È+*�, Ã�-�. ÃoØmÙ0/21�¾�Û «  ©�ª�Ç ¡H¢
¦o�3 Z¦ (S   �� �54 ¤ Ç�60798 Ý�¾ Í
*
: Ã+;
< � Ð~ÃoØ 85= ;�Ð 6070>
?8YáA@CB�D û á�Ea GF0Ha )I�J ¾�-�.@Ý�û�Ù0K
L�Ð Ö�×�Ú ½ Í ¿�� Ð 607�I�J
Û 2.2 �NM ' Ý�û0O BP8�ÎNQR= Ø�ÙÖ�×�Ú ½ Í ¿S� Ð «  ©Eª�Ç ¡ ¢�¦GTU WV (ZÍ < ò ; ¸�¹ ø�ùCB+D0= ; ò Ø0XY  [Z I�J�ç�è]Í ¿ û I�J
\0] Û �A^�_mì ØmÙ�Å ¹ Ða`S )bdc Ç ¡Pe
V)T3 �V(�Í <!f@û�X Y  
Z)g
h % Vjilk�Û 0.083(Bm FLOP)

Bon5p ;dq _5r Ð ßds
t
u
Z)vxw�y Í�z�{÷Í
|�}aD DRAM ~[���-Ý#û���g3� D�ò����������3�A� ���d� �
PC ~��S�W;x��. � `3 )b�c u ¡Pe0V�TS �V ( ~ *0:A�j� O BP8W��J�B+D9=W���
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