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\State Abstraction" is a framework in which states of a data structure (or an object) are

divided into small number of exclusive sets (\Abstract States," or AST), and current ab-

stract state is explicitly managed by the code. In \State Abstraction-based Synchronization"

(or AST-sync), abstract states of the data structure guarded by a critical region are simi-

lary managed, and an activities can enter the region only when curent state is included in

the pre-speci�ed set (e.g, in a bounded bu�er, \get" operation can proceed only in \full" or

\mid" state, but not in \empty" state). AST-sync can express conditional synchronization

in conscice and readable manner, and can be e�ciently implemented. We have previously

proposed an extension of POSIX Thread API which supports AST-sync, and have discussed

its expressiveness and performance. In this paper, we report our kernel-level implementaiton

of AST-sync based on multiprocessor-capable POSIX Thread libray included in FreeBSD 6.0-

RELEASE and its performance evaluation. As the result, our implementaiton outperforms

standard guard-based synchronization by factor of three to �ve, when the number of threads

are large.
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· 1 J½ÁhQu�t�zQuAPI

¡�Í}API wV

int ast mutex init(struct ast mutex *m, int state) ¸u�

int ast mutex destroy(struct ast mutex *m) Xv

void ast mutex enter(struct ast mutex *m, int mask) YeÑ��S�

void ast mutex exit(struct ast mutex *m, int state) YeÑ��Í�

APIcEz POSIX Thread

6)

~�y9Pz4 POSIX

Threadci3R¤-*imutex Þ¿°gw_b�b

S{3Zh×ch=�DÊi=�úHgw_b�bS{

z4Q{x~&Fb3 dÇ¿Ë¥gÁ6¼~¹PWz

ÄH3ZQJxÁ6¼~�y$WÄHi\dHj�h

wGg1Oz (mutexi mutexÞ¿°�3 nonfull3

nonemptyi=�úH�dUbáÏS{bFzuhdW

z)4

r

void put(T p) {

pthread_mutex_lock(&mutex);

while(Ç¿Ë¥K�S)

pthread_cond_wait(&nonfull, &mutex);

/*  dÇ¿Ë¥gÁ6¼~¹P */

pthread_cond_signal(&nonempty);

pthread_mutex_unlock(&mutex);

}

void get(T *p) {

pthread_mutex_lock(&mutex);

while(Ç¿Ë¥Kü)

pthread_cond_wait(&nonempty, &mutex);

/* *pg dÇ¿Ë¥JxÁ6¼~�y$U */

pthread_cond_signal(&nofull);

pthread_mutex_unlock(&mutex);

}
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void put(T p) {

ast_mutex_enter(&mutex, S_MID|S_EMPTY);

/*  dÇ¿Ë¥gÁ6¼~¹P */

if(Ç¿Ë¥K�S)

ast_mutex_exit(&mutex, S_FULL);

else

ast_mutex_exit(&mutex, S_MID);

}

void get(T *p) {

ast_mutex_enter(&mutex, S_FULL|S_MID);

/* *pg dÇ¿Ë¥JxÁ6¼~�y$U */

if(Ç¿Ë¥Kü)

ast_mutex_exit(&mutex, S_EMPTY);

else

ast_mutex_exit(&mutex, S_MID);

}
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ç�xiFreeBSD 6.0-RELEASEgî¡Wz¸Ý¿

ÃÚ¨ÌÚÛ~³�Ub3��c%n\ APIgwz

Ø8>ªDÊËo~��U\4 FreeBSDgi POSIX

Thread API~âðWz¸Ý¿ÃÚ¨ÌÚÛdUb3

(1) Ø6µÝÏÜhrc¸Ý¿ÃËQ~��Wzuh

(libc r)3 (2) ­6ÅÜ¸Ý¿ÃdØ6µÝÏÜ¸Ý¿

ÃK 1:1g¨3Wzuh (libthr)3 (3) óHh­6Å

ÜÝÏÜ¸Ý¿ÃKóHhØ6µÝÏÜ¸Ý¿ÃgM:N

¨3Wzuh (libpthread)h 3`Ké+cã}_bF

z4z²i­6ÅÜÝÏÜ¸Ý¿ÃhËQ~¸ÚUbØ

8>ªDÊ~EMU\\t3 (2)~udg³�~r_

\4

r

z²³�U\ðôgÄþWzØ6µüÃ�hÁ6¼

o�~E 1g�W4 pthread mutexi¬Û·ÄÜhÚ

¨ÌÚÛh mutexÁ6¼o�cEy3Zh×gEz

umtx t�hÁ6¼i­6ÅÜ�hÞ¿°ËoK�GÁ6

¼o�cEy3QhØ6µ�Á6¼o�hR¤¦°º¸

g�&Wz4 pthread condiDVM=�úHhÁ6¼

o�cEy3Q^xiQhÁ6¼o�hR¤¦°º¸

d3­6ÅÜJðgEz¯×6o� (g%)hR¤¦°

º¸h\t3 2`h­6ÅÜÞ¿° (umtx t)~�`4

ast mutexiØ8>ªDÊ APIK�GA\fÁ6¼o

�cEzK3×Ci¬Û·ÄÜh pthread mutexdb

�hØ8>ªÓ~êW 1idJxKz4
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(1)��â��������Ëb�s�à���������

H�CPU}wÇê}�t��à�� (3)�}â�������

�â���������xM:Nf��s�àkcxÙÅ���

{�w�à©j�ìê}�w��á

pthread_mutex

umtx_t m_lock

ast_mutex

housekeeping data

pthread_cond

umtx_t c_lock

housekeeping data

umtx_t c_seqno

pthread_mutex ast_mutex

int ast_bits

ï 1 �â� sd��â�¤c

…

umtxq_chain[ ]

Thread ID
addr. of lock
ast_bits
owner/seqno

added
fields

ï 2 }â�� sd��â�¤c

ÂhÎ¿½df_bFz4mutexv=�úHhHK¥

MfxfO{j3 1`h¸Þ¿Âi 1`hmutexv=

�úHc©_bFz¸Ý¿Ã]Oh1
Û¸ÂdqH

bwF41
Û¸Âh·'�gi3¬Û·ÄÜh­6

ÅÜci¸Ý¿Ã IDdØ6µüÃ�h­6ÅÜÞ¿°

(umtx tÁ6¼o�)h¦ÃÝ¸K¹PS{bF\K3

z²h³�ciZ{g�h 2`hË§6ÜÃ~Þ9U\

� ast bits | ©_bFz>ª�u~êWÑ¸°Ó4

� owner | ©_bFz¸Ý¿ÃKÍQS{z�g

umtx thÞ¿°~ºFWzhg�&WzÓ4

Q{xhË§6ÜÃiØ8>ªDÊgw_b©^gM_

\:ughr�&S{z4

rr

fI31
Û¸Âg©^¸Ý¿Ã~�MWz:u3�

A /�ähFX{g�MWzQduDV�Ãc:Q]

K3¬Û·ÄÜh��ci�Ag�MWzwGgf_b
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rr
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Ú¨ÌÚÛh³6ÃJxh­6ÅÜfk$U

i umtx op()dFG�&h¶¸ÀÓ³6Ügwy3

ZhÈÚÔ¼dUb¬Û·ÄÜci�h 4`h��K	

ácL\4

� UMTX OP LOCK | umtx t~Þ¿°Wz

� UMTX OP UNLOCK | umtx t~±ýWz

� UMTX OP WAIT | umtx tc@z

� UMTX OP WAKE | umtx tc@bFz¸Ý¿Ã~È

ÚÔ¼c	áU\eHÍQW

QQc3Ø8>ªDÊ~�bWz\t3g 2�h¸ÚZ

~�hwGgÞ9U\4

� UMTX OP WAIT2 | >ªÑ¸°~	áUb umtx t

c@z

� UMTX OP WAKE2 | >ªÓ~	áUb umtx tc@

bFz¸Ý¿ÃJxÑ¸°gåuWzuh 1`~Í

QW

g�i1
Û¸Âh�AJx 1eX`Ñ�~rF3~/

g�`J_\åuWz¸Ý¿Ã~ÍQWdFGÐ,f�

�dUbFz4wyó�fÛ¸Âo�~&FbÑ�~�

MWQducLzK3��c%nzë8h]$ (Hè¸

Ý¿Ããê)ciÐ,f��cuJQ06iÁ�S{f

J_\4

q\3¬Û·ÄÜh��ci pthread mutex lock

iØ6µüÃ�hmutexÁ6¼o�hnAd umtx th

ºF~qdtbr_bF\4UJUØ8>ªDÊci3

umtx t~8±ýWzQdfM�hÍLznL¸Ý¿Ãg

.L�N9æ'KEz (9Ì UMTX OP WAKE2i��Zh

wGgf_bFz)\t3Ø6µüÃ�hmutexÁ6¼

o�hr~nAWzÄHd umtx th��~ô(U\4

UJUZhg3ë8h\thÏß¾Ñ6°~�rU

brzd3¬Û·ÄÜh��gÇ±KEzQdKô_

\4Wf}^3=�úHJh 2`h umtx thG^ 1`

� (Ø6µüÃ�hmutexo�~®6ÃWz)~±ýU

bJx3 2`� (¯×6c©`\th umtx t)c©^g

Mz\tg3ñuKÍLzdFGuhcE_\4Q{~

�N\tg3 1`�h umtx t~Þ¿°U\qq­6Å

ÜgMy3 2`�c©^gMzÝ�g 1`�~±ýWz

wGg�MU\4

fI3QhwGfÇ±�y~r_\uhi3¬Û·Ä

Üh=�úHh��gánbJQKm9UbFz4Q{

iÐ,g 1²h��=\yh¶¸ÀÓ³6Ü²HK 2²

Jx 1²ga5U\\td�}{z4��c%nzJQ

· 2 Ü£�¥��¥Â

�y{�å Ü£¥Â a¥Â

thr mutex.c 60 1678

thr cond.c 16 344

thr umtx.c 22 80

thr umtx.h 3 87

kern umtx.c(kernel) 181 772

ë8cijöh\tg3¬Û·ÄÜcifMQhÇ±�

ygh=�úHh��~á¼¨8dUbFz4

únU\³6Ãi¸Ý¿ÃÚ¨ÌÚÛ (libthr)�h

� 60Ë¥¨Ü× 4Ë¥¨Ü3­6ÅÜ�h 1Ë¥¨Ü

cE_\4ún,~ê 2g�W4úng'U\�ö,i

ç�h+DK�öUbÅ 3LãcE_\ (_hÚ¨ÌÚ

Ûd­6ÅÜho�H±~Æs4q\�%hÇ±mh¨

.iÊÃgUb 1�Ãoe'U\)4

4. ð> 1(2CPU)

³�U\¸Ý¿ÃÚ¨ÌÚÛ~ë8Wz\t3=�D

Ê~æ'dWz4SfÏß¾Ñ6°gwz�r�Ã� 

~r_\4Ïß¾Ñ6°dUbi�h 2`~&F\:

� ß;h dÇ¿Ë¥4>ªdUb fempty, mid,

fullg h 3`KEy3¸Ý¿Ãi8fullcEzÃ

Õ19 (putWz¸Ý¿Ã)38emptycEzÃÕ

19 (get) Wz¸Ý¿Ã)h 2`KEz4

� ©«6¼6Ñ6°`L dÇ¿Ë¥4Ç¿Ë¥gW

ô"9Á6¼KM_bFzJeGJ~úøWz\

t3>ªK fempty, midlow, midhigh, fullg

h 4`dfz4 putWz¸Ý¿Ãg 2à�h�.

dUb8empty|midlow9cEzÃÕ19~Þ9U

\uh4

FX{u3 dÇ¿Ë¥heHi 1e3#,iÁ6¼

10ec3 putWz¸Ý¿Ãd getWz¸Ý¿Ã~óH

e&%UbC�SY\4

 dÇ¿Ë¥ (Jðc=�DÊ~rG)h��dUb

i3�h 4�.~&%U\4

� =�úH~&F\=�DÊ | 2.1�h�Wg��

U\uh4\]U3=�úHi©^u}Y=�g"

fyKEzd�HfF\t3©«6¼6Ñ6°`L

 dÇ¿Ë¥h��ifF4

� XñVágwz=�DÊ | 2.1�c��U\wG

g3=�úH~ 1`]OdU3;g broadcastc

Wnbh¸Ý¿Ã~ÍQUb=�~ÛnSYzwG

gU\uh4

� :YZhØ8>ªDÊ | Ø8>ªDÊ API~

POSIX Thread API ~&Fb��U\uh

10)

4

��JðciXñVá~r_bFz4
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· 3 K¿�è ���y /g�Âº (500x100:500x100)

Ëb�ÌÒ �â�És ����És ¢�És

À£ÜÂ 1.273 (0.100) 12.277 (0.176) 7.16 (0.100)

\Ø[L 3.133 (0.942) 34.181 (11.461) 20.26 (6.805)

�]^ 3.080 (0.881) 33.637 (10.097) 19.91 (6.012)

}â��^ 0.601 (0.071) 8.269 (0.264) 6.41 (0.203)

· 4 K¿�è ���y /g�Âi (500x100:1x50,000)

Ëb�ÌÒ �â�És ����És ¢�És

À£ÜÂ 1.081 (0.087) 9.872 (0.244) 5.80 (0.106)

\Ø[L 2.713 (0.254) 28.684 (2.230) 16.99 (1.356)

�]^ 2.785 (0.215) 29.366 (1.890) 17.40 (1.128)

}â��^ 0.530 (0.060) 7.340 (0.129) 5.75 (0.083)

· 5 ��yè ���y /g�Âº (250x100:250x100:500x100)

Ëb�ÌÒ �â�És ����És ¢�És

\Ø[L 4.161 (1.065) 46.892 (13.262) 27.83 (7.865)

�]^ 3.934 (0.894) 44.130 (11.312) 26.19 (6.698)

}â��^ 0.594 (0.073) 8.261 (0.229) 6.38 (0.169)

· 6 ��yè ���y /g�Âi (250x100:250x100:1x50,000)

Ëb�ÌÒ �â�És ����És ¢�És

\Ø[L 3.158 (0.249) 33.392 (2.216) 19.82 (1.328)

�]^ 2.924 (0.198) 30.858 (1.562) 18.27 (0.930)

}â��^ 0.539 (0.060) 7.432 (0.126) 5.83 (0.080)

� ­6ÅÜZhØ8>ªDÊ | ��c±�U\u

h4

FX{h²6¸g`Fbu3©^¸Ý¿ÃHK5fF

:ud¥F:u~á¼Wz\t3 put()Wz¸Ý¿Ã

d get()Wz¸Ý¿ÃKDHh:ud3 get()Wz¸

Ý¿Ã~ 1e]OgU\:u (=�3¥Hh put()�¸

Ý¿ÃK©^>ªgMz)dc� ~r_\4

"5ciß;h dÇ¿Ë¥c putWz�h¸Ý¿Ã

HN

w

e3·¸Ý¿ÃKputWz²HC

w

²3 getWz

�h¸Ý¿ÃHN

r

e3·¸Ý¿ÃKgetWz²HC

r

²

hdL (N

w

xC

w

:N

r

xC

r

)hwGgÌW4Sxg©«6

¼6Ñ6°`L dÇ¿Ë¥ci3Ç¿Ë¥gWô"9

M_bFz:ugputUfF¸Ý¿ÃHN

v

e3Q{xK

putWz²H C

v

²hdL (N

w

xC

w

:N

v

xC

v

:N

r

xC

r

)

hwGgÌW4

� iWnb Pentium II 350MHz 2CPUoKcr

F3�&U\³ßÈ¨Úi GCC 3.4.43~å6i -O4

~	áU\4� iWnb 100²X`rF3öøÓdé

+ù|~�W (Ð#iì)4� 
;iê 37ê 6hßy

(FX{uÐ#iì3J_QJié+ù|)4

Q{x~�zd3�hQdKôJz4

� XñVád:YZhJQiop>UF4Q{i:Y

ZciJðcXñVá~r_bFzhc3"�S{

\
;cEz4

� =�úHd­6ÅÜZØ8>ªDÊci3­6ÅÜ

ZØ8>ªDÊhþKØ6µ�Ã3¶¸ÀÓ�Ãd

uvv�_bFz4Q{i3Ø6µüÃ�cu­6

ÅÜJcuØ8>ªDÊhþK³6ÃägiÀ	c

EzQddÄþUbFz:QJKEz4

� \]U3©^¸Ý¿ÃK¥Mf_\:uiZh�#

i#4UbFz (ê 3dê 4ciê 4K�¸Ý¿Ã

HKWôgf_bFzQdgÙ%)4Q{i3z²

h��ci©^¸Ý¿Ãh�þm1
Û¸Â~��

Ñ�UbÍQW¸Ý¿Ã~ÑUbFzQddÄþU

bFz:QJKEz4

� ­6ÅÜZØ8>ªDÊgán3XñVá (CCRg

�=)Iwk:YZi 47 5Tãêh�Ã~'Ub

Fz (Ø6µ�Ã3¶¸ÀÓ�Ã3�=�Ãdu)4

Q{i3­6ÅÜZØ8>ªDÊKCOz>ªh¸

Ý¿Ã~ 1`]OÍQWhg¨U3XñVáIwk

:YZiWnbh¸Ý¿Ã~ÍQUb=�¾ª¿°

fFUÊ¿ÂÑ¸°h¾ª¿°~r}YzQdJx

"�S{\
;cEz4

� ,`L dÇ¿Ë¥ci3ß;h dÇ¿Ë¥gá

nbVáWnL>ªK¥Mfy3q\¸Ý¿Ãh�

.HK�HbFzQdJx3XñVáIwk:YZ

ci3ß;h dÇ¿Ë¥wy0'�ÃK�¬Ub

Fz4Q{g¨U3­6ÅÜZØ8>ªDÊciQ
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test11

test11

ï 3 À£ÜÂ^�����

{xh'-guJJ}xXJQà5i�x{fF4

Sxg3=�úHZi©«6¼6Ñ6°`L dÇ¿

Ë¥hwGg©^u}YzóHh=�g¬6ÇÚ¿ÍK

Ez:ugiå&cLfFK3Ø8>ªDÊciZhw

GfI�ifF4

wy�JF¸Ý¿ÃhîC~Ûnz\t3 dÇ¿

Ë¥~ßVbæ�S{zÁ6¼g�w-g 07 99999h

àt~¾y=b3 put()Wz�h¸Ý¿Ã3 get()W

z�h¸Ý¿ÃguZ{[{ 07 499hàt~¾y=b

b37àh¸Ý¿ÃK7àhÁ6¼~ put()/get()U

\J~ÍÞ¿ÂUbr\4E 33E 43E 5gZ{[{

=�úH3XñVá3­6ÅÜZØ8>ªDÊhÍÞ¿

Â~�W (Wnbß;h dÇ¿Ë¥cHr1L¸Ý¿

ÃHdu 5003!�KÁ6¼hàt34�K¸Ý¿Ãà

tc3{WôK put()3/WôK get())4

Q{~�zd3XñVáZci�²Wnbh¸Ý¿Ã

KÍLz\t3CM¸Ý¿ÃKÇÚÇÚgfy&Fÿm

K�b�{z4Q{g¨U3=�úHZciXñVáw

yuCM¸Ý¿Ãg÷0JKEzK3viyóHh¸

Ý¿ÃKñuUfKxC�UbFM%�K�b�{z4

Q{g¨U3­6ÅÜZØ8>ªDÊciZ{[{h¸

Ý¿ÃKqdq_bCL3ñuK5fMf_bFz%�

KôJz4

test12

test12

ï 4 \Ø[L^�����

test15

test15

ï 5 }â��^J½ÁhQu�����
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Q{i3\dHj put()Wz¸Ý¿ÃK�Sc
q_

\:ui get()Wz¸Ý¿ÃK 1`�j{bÍQS{

bCL$U3�gQh¸Ý¿ÃKüc
q_\�i~

ggCFbF\�h put()Wz¸Ý¿ÃK}k}´W

z3dFG�cIhK5Hh¸Ý¿ÃÃcèS{uG\

tcifFJd��S{z (\]U3¤ÍÞº¸K¸²

·×6Ûß±S{z>h'-gwz$)h0õu�x{

zhc3�áäfC�gf_bFz}OcifF)4

fI3QhwGfC�i�%h8©^>ªgMz¸

Ý¿Ã~�þm1
Û¸Âh�Ag�MWz9dFGþ

�gÍ-UbFzuhdqHx{z4

5. ð> 2(4CPU)

wy÷/êhsF:uhîCg`FbÛnz\t3

Pentium D 3.2GHz 2CPUoKhÑ¶ß~&F3Hy-

perThreadingËQK o�h:u (2&CPUH 2)d on

h:u (2&CPUH 4)c��dDVÏß¾Ñ6°~�

rU\ (CPUJQh�¬g¨3U3¸Ý¿ÃHdÁ6

¼,~�vUbFz)4Zh
;~ê 77ê 10g�W4

2&CPUHK 2h:uhÁ6¼i=�3��dDV

ÿm~�UbFz4Q{~Ç+gá¼Ub32& CPU

HK 4h:uhÁ6¼i©^HK5fF:u (ê 73 9)

d¥F:u (ê 83 10)ciú6hÿmK'_bFz4

eich_kgaò:

� =�úHZ3XñVáZ3:YZdu3¶¸ÀÓ�

ÃK 37 4Td�HbFz4+þ3­6ÅÜZci

¶¸ÀÓ�ÃK� 20%�c��cFz4

� Ø6µ�Ãg`Fbi3=�úHZ3­6ÅÜZi

å�cEzK3XñVáZ3:YZci� 50%�

df_bFz4

� �=�Ãc�zd3=�úHZ3XñVáZ3:Y

Zdu0'�ÃKT�UbFzK3­6ÅÜZci

� 10%�ãêcEz4

eichdgaò:

� =�úHZhÿmi3�§g©^HK5fF:ud

D%cEz4

� XñVáZd:YZci3¶¸ÀÓ�Ãiå�U3

Ø6µ�ÃK�Wôdf_bFz4�§dUb3�

=�Ãi 20%7 30%ha5df_bFz4

� ­6ÅÜZci3Ø6µ�Ãiú}xX3¶¸ÀÓ

�Ãi� 50% �¬UbFzK3�=�Ãi� 20%

�ãêcEz4

dMgXñVáZd:YZgIFb3©^Hh¥5c

¬Lfÿmh)FKb{\hi3©^HK5fFd¥M

h¸Ý¿ÃK¸²·×6ÜS{3Z{xKCL$Ub�

zd=�KåuYXg}ê@zQdK¥F\td�}{

z (broadcastgw_b¥Hh¸Ý¿ÃKÍQS{zh

c3ÜF�r©^¯×6KcLbUqF3�ôK��g

¸²·×6ÜS{\dLg=�KåuUbFz»)io

pW5gfzd"�S{z)4Q{g¨U3©^HK¥

F:ui¥Hh©^¸Ý¿ÃKÍQS{zhiDV]

K3 get()�h¸Ý¿Ã (1e]O)i;�CL¢Oz

\t3ÍL\g}ê@zHK5fMf_bFzuhd"

�S{z (Ø6µ�ÃKa_bFzQdcuuQh"�

~'îOzuhcEz)4

+þ3=�úHZc2&CPUHK 2Jx 4gf_\

dLg+ÂUb¶¸ÀÓ�ÃK¬LM�H\Qdi%µ

cE_\4Q{i­6ÅÜJðh�¦fñuK�H\Q

dgwzuhd��S{zK3b�çci»JxUF`

-~FáWzgi�_bFfF4

�§dUb3SqTqf:u~ßVb�=�ÃKu_

du5fM3ZhúCu4SM!áUbF\hi­6Å

ÜZcE_\ (� Óhé+ù|u4SFÓdf_bF

z)4­6ÅÜZci2&CPUHK�Hbu�¦fØ6

µ�Ãh�¬K�x{X3¶¸ÀÓ�Ãi­6ÅÜh�

ö,K�Hz\t�¬U\uhh3�=�Ãmh0õi

Soe�x{fF4

6. C @ D

�pci3¸Ý¿ÃÚ¨ÌÚÛg=�DÊh\thË

odUbç�xKâ3UbFzØ8>ªDÊ~�rys

þ�3Iwk FreeBSD 6.0-RELEASEhÑÜ¾CPU

¨3¸Ý¿ÃÚ¨ÌÚÛd¨3Wz­6ÅÜËQ~³�

UbØ8>ªDÊ~�ry�]��g`Fb±�U\4

JQë8h
;3Ø8>ªDÊiSoe¬Lf�ÃfU

g�ryt3¥Mh:�c�}{bFzXñVá (fU

F CCR)wy�{\JQ~�^3¸²·×6Úhþ�

guwzK<BWz¸Ý¿Ãh÷0JKsqzdFGG

J~�`QdKôJ_\4Sxg32&CPUHK�H

\�gu!áUbJQ~UÈ:QcE_\4
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· 7 ÓÏCPUÂ 2� 4�Õp:K¿�è ���y /g�Âº (1,000x1,000:1,000x1,000)

Ëb�ÌÒ ÓÏCPUÂ �â�És ����És ¢�És

À£ÜÂ

2 5.189 (0.206) 59.255 (1.250) 33.58 (0.757)

4 6.252 (0.448) 192.580 (11.929) 65.82 (3.523)

\Ø[L

2 6.658 (1.267) 85.804 (18.400) 49.19 (10.964)

4 10.267 (1.305) 292.771 (37.942) 105.80 (12.686)

�]^

2 6.884 (1.508) 86.683 (23.160) 50.09 (13.813)

4 10.277 (1.214) 290.425 (34.602) 104.98 (11.606)

}â��^

2 2.110 (0.113) 45.436 (1.634) 31.00 (0.874)

4 2.200 (0.126) 54.224 (1.002) 33.01 (0.519)

· 8 ÓÏCPUÂ 2� 4�Õp:K¿�è ���y /g�Âi (1,000x1,000:1x1,000,000)

Ëb�ÌÒ ÓÏCPUÂ �â�És ����És ¢�És

À£ÜÂ

2 4.763 (0.205) 44.719 (1.754) 26.46 (1.044)

4 5.581 (0.226) 148.897 (3.933) 53.02 (1.271)

\Ø[L

2 14.599 (1.422) 196.267 (19.348) 116.47 (12.232)

4 6.892 (0.252) 208.172 (4.350) 76.04 (1.336)

�]^

2 14.044 (1.223) 185.283 (15.694) 110.19 (9.840)

4 7.013 (0.250) 206.813 (5.044) 75.59 (1.538)

}â��^

2 2.022 (0.125) 37.319 (0.622) 30.40 (0.412)

4 1.953 (0.121) 56.588 (0.371) 35.22 (0.211)

· 9 ÓÏCPUÂ 2� 4�Õp:��yè ���y /g�Âº (500x1,000:500x1,000:1,000x1,000)

Ëb�ÌÒ ÓÏCPUÂ �â�És ����És ¢�És

\Ø[L

2 7.315 (1.645) 95.298 (23.623) 54.61 (13.812)

4 11.047 (1.488) 318.203 (40.249) 114.55 (13.871)

�]^

2 7.711 (1.660) 97.840 (24.206) 56.56 (14.365)

4 11.671 (1.610) 322.737 (43.995) 116.27 (15.231)

}â��^

2 2.191 (0.127) 45.188 (1.581) 31.00 (0.845)

4 2.495 (0.133) 54.739 (0.221) 33.38 (0.140)

· 10 ÓÏCPUÂ 2� 4�Õp:��yè ���y /g�Âi (500x1,000:500x1,000:1x1,000,000)

Ëb�ÌÒ ÓÏCPUÂ �â�És ����És ¢�És

\Ø[L

2 14.472 (0.878) 191.331 (11.743) 112.04 (6.910)

4 7.132 (0.269) 216.581 (4.407) 78.80 (1.442)

�]^

2 13.371 (0.752) 170.729 (9.325) 100.36 (5.312)

4 7.705 (0.272) 218.137 (3.281) 79.47 (1.073)

}â��^

2 2.126 (0.105) 37.175 (0.528) 30.25 (0.364)

4 2.200 (0.133) 56.487 (0.365) 35.42 (0.235)
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