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襑ᥝضԧ薹 CPU Cache चᏐ牐

MESI

MESI ጱ᦯蹇ࣁ鉖᯾物MESI protocol - Wikipedia҅ਙฎӞᐿᖨਂӞᛘ௔ᖌಷܐᦓ̶MESI 蔭纈 
Cache Line ጱࢥᐿᇫா牧 modified , exclusive , shared , invalid牐

 modifiedғCPU ೜磪ᧆ Cache Line Ӭ贻ٌ狶ԧ狕硬牧CPU 襑ᥝ狒ᦤࣁ᯿አᧆ Cache Line ਂ
ٌਙ踞ഝ獮牧贻狕硬ጱ踞ഝ豔獈Ԇਂ牧౲ᘏ贻 Cache Line ᫨Իᕳٌਙ CPU ಅ磪牪

 exclusiveғ᪙ modified  遞犲牧犖蔭纈 CPU ೜磪礓ӻ Cache Line ֕鉕๚๶஑现੒ਙ狶ڊ狕
硬牐CPU ݢ犥ፗ矑贻᯾ᶎ踞ഝӶ୒౲ᘏ᫨Իᕳٌਙ CPU

 sharedғCache Line ጱ踞ഝฎ磧碝ጱ牧ݢ犥Ӷ୒౲᫨Իᕳٌਙ CPU҅֕୮ڹ CPU 犋胼੒ٌ
ᬰᤈ狕硬牐ᥝ狕硬ጱᦾ襑ᥝ᫨ԅ exclusive  ᇫாٚݸᬰᤈ牪

 invalidғCache Line ٖጱ踞ഝԅ෫硳牧犖ፘ୮ԭဌਂ踞ഝ牐CPU ࣁತ绚 Cache Line ᖨਂ踞
ഝጱ෸狡疰ฎತ invalid  ᇫாጱ Cache LineҔ

磪ӻ᩻ᕆ༉ጱݢᥤ玕ૡٍ牧胼፡ک Cache ฎெԍࣁ鉖ࢥӻᇫாԏᳵ窕᫨ጱ物VivioJS MESI 
animation help牐Address Bus ޾ Data Bus ᮷ฎಅ磪 CPU ᮷胼ፊݒکލ玕牐穉ই CPU 0 ᥝ
᧛踞ഝտ಩᧗穩݄ݎض Address Bus҅Memory ٌ޾ਙ CPU ᮷տ硩ک鉖稞᧗穩牐Memory 蝢
鉑 Data Bus ݎ踞ഝ෸狡犖ฎಅ磪 CPU ᮷տ硩ک踞ഝ牐౯ቘ薹鉖疰ฎ胼贶ሿڊ๶ Bus 
snoopingጱܻࢩ牐ݚक़鉖ӻૡٍӤݢ犥ֵአ诊ຽ軯᫪Ӥӥ軯牧፡ྯӻ෸ᰦӥ踞ഝ窕᫨鉑纷牐
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 粙य़ग़๶ᛔ Is Parallel Programming Hard, And, If So, What Can You Doࢶᖅٖ਻犥现ݸ
About It? 鉖๜ԡጱᴫ趟 C牐ࢩԅ MESI ܐᦓ๜蛪覍ଉ瓰๥҅ݱᐿᇫாၞ᫨உἋᅸ҅ಅզᬯ๜
ԡ᯾੒ܐᦓ؉ԧӞԶᔜᓌ҅አྲ᫾ፗᥡጱොୗ๶Օᕨᬯӻܐᦓ҅অ॒ฎᦏቘᥴๅ਻ฃ̶ইຎమ

Ꭳ᭲ܐᦓጱ፥ਫ໏ᨩᵱᥝ݄፡Ӥᶎ൉کጱ WIKI牐

ᦓܐ

 Read: ᧛玲Ӟ蹇ᇔቘٖਂ瑿࣎Ӥጱ踞ഝ牪
 Read Responseғ ۱珀 Read  犥ฎٌਙ CPUݢ๶ጱ牧犖ݎ犥ฎԆਂݢ犤᧗穩ጱ踞ഝᕮຎ牧޸ 
ጱ CPU ጱ Cache Line Ӥ賳ԭ modifiedڦࣁ๶ጱ牐穉ইᤩ᧛ጱ踞ഝݎ  ᇫா牧鉖ӻ CPU 疰տ
ଫ Readߥ 犤޸ 

 Invalidateғ۱ތӞӻᇔቘٖਂ҅࣎ࣈአԭޞᎣٌਙಅํ CPU ࣁᛔ૩ጱ Cache Ӿ贻鉖蹇瑿࣎੒
ଫጱ Cache Line 竃ቘ牪

 Invalidate Acknowledgeғතک Invalidate҅ࣁႴቘਠᛔ૩ጱ Cache ݸ牧CPU 襑ᥝࢧଫ 
Invalidate AcknowledgeҔ

 Read Invalidateғፘ୮ԭਖ਼ Read Invalidate ޾  ᧗穩ጱ CPU ᥝᘍᡤک蝑牧Ӟොᶎ硩ݎ蚏๶ݳ 
຅᭜ Read Response  鉕ᥝ竃ቘᛔ૩ጱ Cache҅ਠ౮॔ࢧݸ Invalidate Acknowledge҅ܨᥝࢧ
॔ӷེҔ

 Writebackғ۱ތᥝٟጱහഝ޾҅࣎ࣈᥝٟጱහഝ҅አԭᦏ੒ଫහഝٟࢧԆਂ౲ٟک຤ӻڦጱ
ො̶ࣈ

蚏 Writebackݎ  Ӟ膢ฎࢩԅ礓ӻ CPU ጱ Cache 犋ड़ԧ牧穉ই襑ᥝ碝 Load 踞ഝᬰ๶牧֕ฎ 
Cache ૪ᕪჿԧ牐疰襑ᥝತӞӻ Cache Line Ӷ୒ധ牧ইຎ鉖ӻᤩӶ୒ጱ Cache Line 賳ԭ 
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modified  ᇫா牧疰襑ᥝ薼ݎӞ稞 WriteBack҅ݢᚆฎ಩හഝٟ݄Ԇਂ҅ԞݢᚆٟݶفӞӻ 
CPU ጱๅṛᕆᖨਂ牧鉕磪ݢ胼ፗ矑豔݄ڦጱ CPU牐穉ইԏ獮鉖ӻ CPU ᧛鉑鉖ӻ踞ഝ牧ݢ胼੒
鉖ӻ踞ഝ磪ي蚕牧ԅԧ狒ᦤ踞ഝ鉕ࣁᖨਂӾ牧ݢ胼疰薼ݎӞ稞 Writeback  ಩踞ഝکݎ᧛鉑ᧆ
踞ഝጱ CPU Ӥ牐

Ԉֺ物

ૢ鉎ฎ砺֢ಗᤈᶲଧ牧CPU ฎಗᤈ砺֢ጱ CPU ᖫݩ牐Operation ฎಗᤈጱ砺֢牐RMW 蔭纈
᧛牏狕硬牏豔牐Memory ᮎ᯾ V 蔭纈ٖਂ踞ഝฎ Valid牐

0.  Ӟ୏তಅ磪ᖨਂ᮷ฎ Invalid;
1.  CPU 0 蝢鉑 Read  窞௳᧛ 0 瑿࣎踞ഝ牧0 瑿࣎ಅࣁ Cache Line ݒ౮ Shared  ᇫா;
2.  CPU 3 ٚಗᤈ Read  ᧛ 0 瑿࣎牧ਙጱ 0 瑿࣎ಅࣁ Cache Line 犖ݒ౮ Shared ;
3.  CPU 0 ݈՗ Memory ᧛玲 8 瑿࣎牧磦ഘԧԏ獮ਂ 0 瑿࣎ጱ Cache Line牐8 瑿࣎ಅࣁ Cache 

Line 犖ຽᦕԅ Shared牐
4.  CPU 2 ࢩԅᥝ᧛玲ଚ狕硬 0 瑿࣎踞ഝ牧ಅ犥ݎ蝑 Read Invalidate  ᧗穩牧Ḓض Load 0 瑿࣎踞
ഝک Cache Line҅ٚᦏ୮ڹ Cache ԧ 0 瑿࣎踞ഝጱ CPU 3 ጱ Cache ݒ౮ Invalidate ;

5.  CPU 2 狕硬ԧ 0 瑿࣎踞ഝ牧0 瑿࣎踞ഝࣁ Cache Line Ӥᬰ獈 Modified  ᇫா牧ଚӬ Memory 
Ӥ踞ഝ犖ݒ౮ Invalid ጱ牪

6.  CPU 1 ݎ蝑 Read Invalidate  ᧗穩牧՗ CPU 2 酄玲 0 瑿࣎ጱ磧碝狕硬牧ଚᦡᗝ CPU 2 Ӥ 
Cache Line ԅ Invalidate牐CPU 1 ࣁ᧛玲0 ک 瑿࣎磧碝踞ഝݸ੒ٌᬰᤈ狕硬牧Cache Line 
ᬰ獈 Modified  ᇫா牐ဳ఺鉖᯾ CPU 2 ဌ磪 Writeback  0 瑿࣎踞ഝک Memory

7.  CPU 1 ᧛玲 8 瑿࣎踞ഝ牧ࢩԅᛔ૩ጱ Cache Line ჿԧ牧ಅ犥 Writeback  狕硬ݸጱ 0 瑿࣎踞
ഝک Memory҅᧛ 8 瑿࣎踞ഝک Cache Line ᦡᗝԅ Shared  ᇫா牐種෸ Memory Ӥ 0 瑿࣎踞
ഝᬰ獈 Valid ᇫா
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፥贶ጱ MESI ܐᦓ覍ଉ瓰๥҅MESI ࢩԅฎᖨਂԏᳵᖌ镔踞ഝӞ膌௔ጱܐᦓ牧ಅ犥ਙಅ磪᧗穩
᮷獤ԅӷᒒ牧᧗穩๶ᛔ CPU 鉕ฎ๶ᛔ Bus牐᧗穩๶რ犋ࣁݶ犋ݶᇫாӥ犖磪犋ݶᕮຎ牐ӥᶎ
ฎᩂӞӥय़༷᎓᎓੪অ̶ݝ粙๶ᛔ wiki MESI protocol - Wikipedia҅ࢶ

MOESI ޾ MESIF

MOESI protocol - Wikipedia
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MESIF protocol - Wikipedia

multithreading - What is the benefit of the MOESI cache coherency protocol over MESI? - 
Stack Overflow

Memory Barrier

Store Buffer

؃ᦡ CPU 0 ᥝ豔踞ഝک礓ӻ瑿࣎牧磪ӷᐿ眐٭物

1.  CPU 0 ૪ᕪ᧛玲ԧፓຽ踞ഝಅࣁ Cache Line॒҅ԭ Shared  ᇫா牪
2.  CPU 0 ጱ Cache Ӿ鉕ဌ磪ፓຽ踞ഝಅࣁ Cache LineҔ

ᒫӞᐿ眐٭ӥ牧CPU 0 ݝᥝݎ蝑 Invalidate  ᕳٌਙ CPU ݢܨ牐硩کಅ磪 CPU ጱ 
Invalidate Ack 犥᫨ഘԅ Exclusiveݢ 牧鉖賉 Cache Lineݸ   ᇫா牐ᒫԫᐿ眐٭ӥ牧CPU 0 
襑ᥝݎ蝑 Read Invalidate  ᕳ CPUݎಅ磪 CPU҅೜ํ๋ෛፓຽහഝጱ CPU տ಩磧碝踞ഝک 
0҅ଚӬտຽᦕᛔ૩ጱᬯࣘ Cache Line ԅ෫硳牐

෫ᦞฎ Invalidate  鉕ฎ Read Invalidate҅CPU 0 ᮷஑缛ٌ犢ಅ磪 CPU 蜴ࢧ Invalidate 
Ack ፓຽکฎమ豔踞ഝݝԅ CPU 0 鉖᯾ࢩ胼տ盄ᳩ牐ݢ಍胼ਞ獊砺֢踞ഝ牧鉖ӻ缛盃෸ᳵݸ 
ٖਂ瑿࣎牧ਙ礬๜犋ىஞፓຽ踞ഝڦࣁጱ CPU Ӥ୮獮꧊ฎՋԍ牧ಅ犥鉖ӻ缛盃ฎݢ犥犭玕
ጱ牧ېဩ疰ฎአ Store Buffer:
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ྯ稞豔踞ഝ෸Ӟොᶎݎ蝑 Invalidate  ٌ݄ਙ CPU҅ݚӞොᶎฎਖ਼ෛٟጱහഝٖ਻නف Store 
Buffer牐缛کಅ磪 CPU ᮷ࢧ瓰 Invalidate Ack  牧ٚ贻੒ଫ Cache Line 踞ഝ՗ Storeݸ 
Buffer ᑏᴻ牧豔獈 CPU 贶ᴬ Cache Line牐

ᴻԧ螨ع缛盃 Invalidate Ack  क़牧Store Buffer 鉕胼犭玕 Write Miss  ጱ眐٭牐穉ইݝֵܨ
አӞӻ CPU҅ইຎፓຽஇٟٖਂӧࣁ Cache҅ྋଉ๶᧔ᵱᥝᒵஇහഝ՗ Memory ے᫹ک 
Cache ݸ CPU ಍胼୏ত豔牧ᮎ磪ԧ Store Buffer ጱਂࣁ牧ইຎ盃豔ٖਂሿࣁ犋ࣁ Cache ᯾ݢ
犥犋አ缛盃踞ഝ՗ Memory ے᫹牧ᘒฎ಩碝豔踞ഝ硯獈 Store Buffer҅ള፳݄ಗᤈڦጱ඙֢҅
ᒵහഝے᫹ک Cache ٚݸ಩ Store Buffer ٖጱ碝豔踞ഝ豔獈 Cache牐

क़੒ԭ Invalidateݚ  砺֢牧磪ဌ磪ݢ胼ӷӻ CPU ଚݎጱ݄ Invalidate  礓ӻፘݶጱ Cache 
LineҘ

鉖ᐿ٫统Ԇᥝ覎 Bus 薹豙牧ݢ犥՗獮ᶎ MESI ጱݢᥤ玕ૡٍ፡ک牧ಅ磪砺֢᮷஑ضᦢᳯ 
Address Bus҅ᦢᳯ෸տᲁ֘ Address Bus҅ಅզӞྦྷ෸ᳵٖํݝӞӻ CPU տ砺֢ Bus҅տ඙
֢຤ӻ Cache Line牐֕ฎӷӻ CPU ݢ犥犋踤ፘ԰狕硬ݶӞӻٖਂ踞ഝ牧੕膌ݶӞӻ Cache 
Line ࣁӷӻ CPU Ӥ๶ࢧ獥ഘ牐

Store Forwarding

獮ᶎࢶӤኮጱ Store Buffer ᕮ຅鉕磪ᳯ᷌牧Ԇᥝฎ᧛踞ഝጱ෸狡鉕襑ᥝ᧛ Store Buffer ᯾ጱ踞

公
众
号
：
LeanCloud通

讯



ഝ牧ᘒ犋ฎ豔ਠ Store Buffer 疰ᕮ๳ԧ牐

穉ইሿࣁ磪鉖ӻդᎱ牧a Ӟ୏ত犋ࣁ CPU 0 ٖ牧ࣁ CPU 1 ٖ牧꧊ԅ 0牐b ࣁ CPU 0 ٖ物

a = 1;

b = a + 1;

assert(b == 2); 

CPU 0 ࢩԅဌᖨਂ aٟ҅ a ԅ 1 ጱ砺֢ᥝ硯獈 Store Buffer҅ԏݸᵱᥝݎᭆ Read Invalidate  
݄ CPU 1牐缛 CPU 1 ݎ๶ a ጱ踞ഝݸ a ጱ꧊ԅ 0҅ইຎ CPU 0 ࣁಗᤈ a + 1  ጱ෸狡犋݄᧛玲 
Store Buffer҅ڞಗᤈਠ b ጱ꧊տฎ 1҅ᘒӧฎ 2҅੕ᛘ assert ڊᲙ牐

ಅ犥ๅྋଉጱᕮ຅ฎӥࢶ物

ݎ꧊ฎՋԍ҅֕Ԟӧᚆፗളࣁஞਙሿىक़Ӟ୏ত CPU 0 ᡱ簁疰ฎమ豔 a ጱ꧊ ԅ 1҅໑๜ӧݚ
ᭆ Invalidate  ᕳٌਙ CPU牐ࢩԅ a ಅࣁ Cache Line Ӥݢ胼犋ݝ a ࣁ牧ݢ胼鉕磪ڦጱ踞ഝ
蝑 Invalidateݎ牧ইຎፗ矑ࣁ  տ੕膌 Cache Line Ӥ犋ંԭ a ጱ踞ഝӶ०牐ಅ犥 Invalidate  
Cache Line 賳ԭ Shared ࣁ磪ݝ  ᇫா牧ݻ॓ٵ Exclusive  ᫨ݒ෸಍տֵአ牐

Write Barrier
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// CPU 0 ಗᤈ foo(), ೜ํ b ጱ Cache Line

void foo(void) 

{ 

    a = 1; 

    b = 1; 

} 

// CPU 1 ಗᤈ bar()҅೜ํ a ጱ Cache Line

void bar(void)

{

    while (b == 0) continue; 

    assert(a == 1);

} 

੒ CPU 0 ๶᧔牧Ӟ୏ত Cache ٖဌ磪 a҅ԭฎݎᭆ Read Invalidate  ݄酄玲 a ಅࣁ Cache 
Line ጱ狕硬๦牐a 豔獈ጱ碝꧊ਂࣁ Store Buffer牐ԏݸ CPU 0 疰ݢ犥缏ܨ豔 b = 1  ԅ b ጱࢩ 
Cache Line 疰ࣁ CPU 0 Ӥ牧賳ԭ Exclusive  ᇫா牐

੒ CPU 1 ๶᧔牧ਙဌ磪 b ጱ Cache Line ಅ犥襑ᥝݎض蝑 Read  ᧛ b ጱ꧊牧ইຎ種෸ CPU 0 
 CPU 0 ک஗ሾ҅ྌ෸ইຎᬮ๚තڊጱ b ጱ꧊疰ฎ 1҅੪ᚆ᪡کঅ豔ਠԧ b = 1҅CPU 1 ᧛ڟ
ԧ CPU 0 ጱ Read Invalidateک๶ጱ Read Invalidate҅౲ᘏ᧔තݎ  ֕ฎݝ賳ቘਠ Read  蟂
獤ᕳ CPU 0 ݄ࢧݎ a ጱ꧊ܨ Read Response  ֕鉕๚賳ቘਠ Invalidate҅Ԟܨ CPU 1 鉕೜磪 
a ጱ Cache Line҅CPU 0 鉕ฎ犋胼贻 a ጱ豔獈՗ Store Buffer 豔ک CPU 0 ጱ Cache Line Ӥ牐
鉖໏ CPU 1 Ӥ a ᧛کጱ꧊疰ฎ 0҅՗ᘒ᥶ݎ assert ०ᨳ牐

Ӥ蝄ᳯܻ᷌ࢩ疰ฎ Store Buffer ጱਂࣁ牧ইຎဌ磪 Write Barrierٟ҅ف඙֢ݢᚆտԤଧ҅੕ᛘ
牐کᤩٌਙ CPU ፡ڹ൉فӞӻٟݸ

鉖᯾ݢ胼ጱӞӻ綡ᳯฎ牧Ӥ蝄ᳯ᷌胼ڊሿ఺ޱ፳ CPU 1 ࣁ硩ک Read Invalidate 鉕๚賳ቘݸ 
ਠ疰胼ݎ Read  ᧗穩ᕳ CPU 0 ᧛ b ݒᰁጱ Cache Line҅ఽᥧӤ֒Ԓӧݳቘ҅ࢩԅ֒Ԓ Cache 
ଫᧆฎ硩کӞӻ᧗穩賳ቘӞӻ᧗穩಍੒牐鉖᯾ݢ胼磪ቘ薹ጱ緹豽牧౯糔ၥฎࢩԅ Read 
Invalidate  贶ᴬ獤ԅӷӻ砺֢牧Ӟӻ Read  Ӟӻ Invalidate҅ Read  牧֕ฎࢧ犥盠蝧蜴ݢ 
Invalidate  砺֢ݢ胼穉᫾᯿牧穉ই襑ᥝ豔ࢧԆਂ牧ᮎ Cache ݢ胼磪Ջԍ犭玕胼رᦜ缛盃ಗᤈ
ਠ Invalidate  蜴ࢧ Invalidate Ack  獮ٚ硩ک CPU ݎ๶ጱ᫷ᰁᕆጱ Read  砺֢෸ݢ犥಩ 
Read 牧ݎ襑ᥝ᫨ݝ牧ླᒌ CPU ᧛砺֢੒ Cache ๶᧔݄ڊӶض  Invalidate  ฎ፥ጱᥝ Cacheڞ 
݄砺֢ᛔ૩ጱຽபԏ遞ጱ牧狶ጱԪ眐ๅग़牐
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Ӥᶎᳯ᷌薹豙ېဩ疰ฎ Write Barrierٌ֢҅አฎਖ਼ Write Barrier ԏ獮ಅ磪砺֢ጱ Cache Line 
᮷಑Ӥຽᦕ牧Barrier ԏݸጱ豔獈砺֢犋胼ፗ矑砺֢ Cache Line ᘒ犖ᥝض豔 Store Buffer ݄牧
羬犖豔獈 Store Buffer ጱ Cache Line 犋አ಑粬ྛى ԅ Barrierࢩ֕ ฎ鉖ᐿ೜磪 Cache Lineݝ
ຽᦕ牐缛 Store Buffer ٖଃ፳ຽᦕጱ豔獈ࢩԅ硩ک Invalidate Ack  ᘒ胼豔 Cache Line ݸ牧
鉖犚ဌ磪಑ຽᦕጱ豔獈砺֢಍胼豔獈 Cache Line牐

ፘݶդᎱଃ፳ Write Barrierғ

// CPU 0 ಗᤈ foo(), ೜ํ b ጱ Cache Line

void foo(void) 

{ 

    a = 1; 

    smp_wmb();

    b = 1; 

} 

// CPU 1 ಗᤈ bar()҅೜ํ a ጱ Cache Line

void bar(void)

{

    while (b == 0) continue; 

    assert(a == 1);

} 

種෸੒ CPU 0 ๶᧔牧a 豔獈 Store Buffer ݸଃ፳粬ྛຽᦕ牧b ጱ豔獈犖஑硯獈 Store Buffer牐
鉖໏ইຎ CPU  1 鉕๚蜴ࢧ Invalidate Ack҅CPU 0 ੒ b ጱ豔獈ࣁ CPU 1 Ӥ疰犋ݢᥠ牐CPU 
๶ጱ Readݎ 1  ᧛玲 b ೭کጱӞፗฎ 0牐缛 CPU 1 ࢧ瓰 Invalidate Ack  ࣁ牧Ack ጱฎ a ಅݸ 
Cache Line҅ԭฎ CPU 0 贻 Store Buffer ٖ a = 1  ጱ豔獈豔کᛔ૩ጱ Cache Line҅ࣁ՗ 
Store Buffer ٖತکಅ磪矎ࣁ a ݸᶎ犋ଃ粬ྛຽᦕጱ豔獈牧ܨ b = 1  豔獈ᛔ૩ጱ Cache 
Line牐鉖໏ CPU 1 ٚ᧛ b 疰տ೭ک碝꧊ 1҅ᘒྌ෸ a ࣁ CPU 1 Ӥࢩԅࢧ瓰鉑 Invalidate 
Ack҅ಅզ a տฎ Invalidate  ᇫா牧᯿碝᧛ a ݸ஑ک a ꧊ԅ 1牐assert ౮ۑ牐

Invalidate Queue

ྯӻ CPU Ӥ Store Buffer ᮷ฎ磪褖ጱ牧୮ Store Buffer ᤩ豔ჿԏݸ牧ݸᖅ豔獈疰஠ᶳ缛 Store 
Buffer 磪֖ᗝݸ಍胼ٚ豔牐疰੕膌ԧ௔胼ᳯ᷌牐粬ڦฎ Write Barrier ጱਂࣁ牧Ӟ෮磪 Write 
Barrier҅ݸᖅಅํٟف᮷஑නف Store Buffer տᦏ Store Buffer 矎ᴚ豔獈踞ᰁय़ଏଶीے牐ಅ
犥襑ᥝᖽᎨ豔獈᧗穩ࣁ Store Buffer ጱ矎ᴚ෸ᳵ牐
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ԏ獮൉ک Store Buffer ਂࢩܻࣁ疰ฎ缛盃 Invalidate Ack 胼᫾ᳩ牧ᮎᖽᎨ Store Buffer 矎ݢ 
ᴚ෸ᳵېဩ疰ฎੱ盠ࢧ瓰 Invalidate Ack牐 Invalidate  砺֢෸ᳵᳩ๶ᛔӷොᶎ物

1.  ইຎ Cache 粬ڦ耆盜牧穉ই CPU 磪य़ᰁጱࣁ Cache Ӥጱ᧛玲牏豔獈砺֢牧ݢ胼੕膌 Cache 
Კ鉑 Invalidate  窞௳牧੕膌 Invalidate  皤᬴ (౯ᦊԅฎ硩ک௛ᕚӤݸݩמইຎ๶犋现賳ቘ
(蝑ො盃տ᯿ᦶݎݩמ犥Ӷധ牧缛ݢ

2. ๶य़ᰁጱ Invalidate҅੕ᛘ Cache ๶犋现賳ቘ鉖ԍग़ Invalidateک胼Ꭸ෸ᳵݢ   ᧗穩牐ྯӻ
鉕஑ࢧ瓰 Invalidate Ack҅Ԟտܛአ௛ᕚ᭗מ෸ᳵ

ԭฎ薹豙ېဩ疰ฎԅྯӻ CPU ٚीےӞӻ Invalidate Queue牐硩ک Invalidate  ᧗穩ݸ贻᧗
穩硯獈ᴚڜ牧ଚ缏ࢧܨ瓰 Ack牐

鉖ԍ狶੕膌ጱᳯ᷌犖ฎดᘒฃᥠጱ牐Ӟӻᤩ Invalidate ጱ Cache Line ๜๶ଫᧆ賳ԭ 
Invalidate  ᇫா牧CPU 犋ᧆ᧛牏豔᯾ᶎ踞ഝጱ牧֕ࢩԅ Invalidate  ᧗穩ᤩ硯獈ᴚڜ牧CPU 
鉕ᦊԅᛔ૩ݢ犥᧛豔鉖ӻ Cache Line ᘒࣁ砺֢聲෯踞ഝ牐՗Ӥࢶ胼፡ک CPU ޾ Invalidate 
Queue ࣁ Cache ӷᒒ牧ಅ犥蚤 Store Buffer 犋ݶ牧CPU 犋胼݄ Invalidate Queue ᯾礚Ӟӻ 
Cache Line ฎ玽ᤩ Invalidate҅ᬯԞฎԅՋԍ CPU տ᧛ک෫硳踞ഝጱܻࢩ牐

಩ CPU ᛔض੕膌ইຎᥝ Invalidate Ӟӻ Cache Line҅஑ࣁӞොᶎ牧Invalidate Queue ጱਂݚ
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૩ጱ Invalidate Queue 竃ቘଗٳ牧౲ᘏᛗ੝磪ېဩᦏ Cache 繊ᦊӞӻ Cache Line ࣁᛔ૩鉖
᯾ᇫாฎ覍 Invalidate ጱ牐

Read Barrier

෯꧊牧࣋วইӥ物ک胼᧛ݢ 牧CPUࣁԅ Invalidate Queue ጱਂࢩ

// CPU 0 ಗᤈ foo(), a ॒ԭ Shared҅b ॒ԭ Exclusive

void foo(void) 

{ 

    a = 1; 

    smp_wmb();

    b = 1; 

} 

// CPU 1 ಗᤈ bar()҅a ॒ԭ Shared ᇫா

void bar(void)

{

    while (b == 0) continue; 

    assert(a == 1);

} 

CPU 0 贻 a = 1豔獈 Store Buffer҅ݎᭆ Invalidate  (犋ฎ Read Invalidate҅ࢩԅ a ฎ 
Shared  ᇫா) ᕳ CPU 1牐CPU 1 贻 Invalidate  ᧗穩硯獈ᴚݸڜ缏ܨ蜴ࢧԧ牧ಅ犥 CPU 0 盄
盠胼贻 1 豔獈 a牏b ಅࣁ Cache Line牐CPU 1 ݄ٚ᧛ b ጱ෸狡೭ک b ጱ碝꧊ 0҅᧛ a ጱ෸狡
ᦊԅ a 賳ԭ Shared  ᇫாԭฎፗ矑᧛ a҅೭ک a ጱ෯꧊穉ই 0҅੕ᛘ assert ०ᨳ牐磧ݸ牧ֵܨ
纷ଧ霙ᤈ०ᨳԧ牧CPU 1 鉕襑ᥝᖀᖅ賳ቘ Invalidate Queue҅಩ a ጱ Cache Line ᦡᗝԅ෫
硳牐

薹豙ېဩฎے Read Barrier牐Read Barrier 蚏֢አ犋ฎ᧔ CPU ፡ک Read Barrier ݸ疰缏݄ܨ
賳ቘ Invalidate Queue҅಩ਙ॒ቘਠԧٚള፳ಗᤈۃӥӳᥜ҅ᘒݝฎຽᦕ Invalidate Queue 
Ӥጱ Cache Line҅ԏݸᖀᖅಗᤈڦጱ೰ե҅ፗک፡کӥӞӻ Load 砺֢ᥝ՗ Cache Line ᯾᧛
踞ഝԧ牧CPU ಍տ缛盃 Invalidate Queue ٖಅ磪ڟ಍ᤩຽᦕጱ Cache Line ᮷賳ቘਠ಍ᖀᖅಗ
ᤈӥӞӻ Load牐穉ইຽᦕਠ Cache Line ݸ牧݈磪碝ጱ Invalidate  ᧗穩ᬰ๶牧ࢩԅ鉖犚᧗穩
ဌ磪ຽᦕ牧ಅ犥ӥӞ稞 Load 砺֢ฎ犋տ缛犢ժጱ牐

// CPU 0 ಗᤈ foo(), a ॒ԭ Shared҅b ॒ԭ Exclusive
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void foo(void) 

{ 

    a = 1; 

    smp_wmb();

    b = 1; 

} 

// CPU 1 ಗᤈ bar()҅a ॒ԭ Shared ᇫா

void bar(void)

{

    while (b == 0) continue; 

    smp_rmb();

    assert(a == 1);

} 

磪ԧ Read Barrier ݸ牧CPU 1 ᧛ک b ԅ 0ݸ牧ຽᦕಅ磪 Invalidate Queue Ӥጱ Cache Line ᖀ
ᖅ霙ᤈ牐ӥӞӻ砺֢ฎ᧛ a ୮獮꧊牧ԭฎ୏ত缛ಅ磪ᤩຽᦕጱ Cache Line ፥ጱᤩ Invalidate 
ധ牧種෸ٚ᧛ a ݎሿ a ฎ Invalidate  ᇫா牧ԭฎݎ蝑 Read  Cache ࣁa ಅ کCPU 0҅೭ ک 
Line 磧碝꧊牧assert ౮ۑ牐

ᴻԧ Read Barrier ޾ Write Barrier क़鉕磪ݳԫԅӞጱ Barrier牐֢አฎᦏݸᖅ豔砺֢獊蟂݄ض 
Store Buffer 矎ᴚ牧ᦏݸᖅ᧛砺֢᮷஑ض缛 Invalidate Queue 賳ቘਠ牐

፡ک鉖᯾襑ᥝᤑ獅Ӟӥ牧๜ᜓ੒ Memory Barrier ጱ矟蝄޾獮ᶎ MESI ጱ矟蝄ฎ遞犲ጱ牧᮷ฎ
੒፥贶Ӯኴ狶ԧӞ੶ᓌ玕牧ࣁ鉖ӻ᩻ᕆᓌ玕ጱ秇ࣳӤᓕӾᒁᨣጱ፡፡ԅՋԍᥝ磪 Memory 
Barrier牐ᘒ贶ᴬ CPU Cache ጱ礍຅礃ԅ瓰๥҅ྯᐿӧݶຝ຅ጱ CPU ݈磪ᛔ૩ݱᛔጱ玲ᛣ牧
犖پԒဌՈፗ矑አ MESI ܐᦓ牧᮷ֵአጱฎਙጱݒᐿ牐ಅ犥౯ᥧ஑ࣁ౯ժ蝢鉑鉖ӻ礃ᓌ秇ࣳ੒ 
Memory Barrier ڊሿܻࢩ磪ԧय़膌ԧ薹ݸ౯ժ襑ᥝ᪡ڊ鉖ӻ秇ࣳ牐౯ժ襑ᥝ贻 Memory 
Barrier ୮狶Ӟӻ矑ݗ牧୮狶ฎଫአ੶纷ଧާ޾ CPU牏綍ᛗᖫᦲ瑊ԏᳵጱӞӻԻ窕ૡٍ牧ᒊࣁ
矑ݗጱ薫ଶӤ݄፡ਙ牐穉ই Write Barrier 珀Ԏ疰ฎݸᖅጱ豔砺֢犋胼᯿矎ک Write Barrier ԏ
獮牧Read Barrier ฎݸᖅ᧛砺֢犋胼ᤩ᯿矎ک Read Barrier ԏ獮牐ӷᘏݳԫԅӞጱ Barrier ฎ
犋ٵ Barrier ݸᶎጱ犨֜᧛豔砺֢ᤩ᯿矎ک Barrier ԏ獮牐՗獤੶ጱ薫ଶ๶᧔౯ժ犖犋አ݄ᘍᡤ 
Write Barrier ฎ݄ڬԧ Store Buffer 鉕ฎڬԧ Invalidate Queue҅ݝᥝᎣ᭲ਙ֢ԅളݗᤒᬡڊ
๶ጱތԎݚ̶ݢܨक़೰ե᯿ഭᴻԧٖਂᦢᳯܻࢩԏक़҅ᖫᦲ࢏Ԟտ؉ᶉாጱ೰ե᯿ഭ҅ܨᖫᦲ

ฎ՗ݝժ鉖᯾ߕ牐٭ಗᤈ瞲犤ጱ෸狡犖տ磪Ԥଧಗᤈጱ眐ࣁ ๶ጱդᎱ੪ฎ᯿ഭᬦጱ҅CPUڊ
ᖨਂᦢᳯ֢ԅ獥獈ᅩՕᕨٖਂ੽ᵑ牧Օᕨਙਂࣁጱ఺Ԏ牧ᘒٖਂ੽ᵑ贶ᴬ੒ᖫᦲ瑊޾ CPU ಗ
ᤈᶲଧ᮷磪硳牐ಅ犥犋胼಩አک Barrier ጱ瑿ො᮷݄ॺӤᶎጱ CPU 秇ࣳ牐犋簁፡ک Barrier ෸
狡ݢ胼տ磪盄ग़盄ᵙቘ薹ጱ瑿ො牧ࢩԅӤᶎݝฎٖਂ੽ᵑ蚏֢አጱӞӻොᶎ牧Ӭᕳڊጱ CPU 
秇ࣳ盄ᓌ玕牐
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Java Memory Model (JMM)

Java ԅԧ胼ࣁ犋ݶ礍຅ጱ CPU Ӥ霙ᤈ牧൉ᅫڊӞॺᛔ૩ጱٖਂ秇ࣳ牧ਧԎڊ๶ Java 纷ଧᧆ
ெԍ໏޾鉖ӻು虡ጱٖਂ秇ࣳᬰᤈԻ԰牧ਧԎڊ๶纷ଧጱ霙ᤈ鉑纷牧Ջԍ໏ጱ瞲犤ݢ犥᯿矎牧

Ջԍ໏ጱ犋ᤈ牧瞲犤ԏᳵݢᥠ௔ই֜缛牐ፘ୮ԭฎᥢ舰ڊ๶ԧ Java 纷ଧ霙ᤈጱच๜ᥢ舰牐鉖
ӻ秇ࣳਧԎտ盄犋਻ฃ牧ਙᥝ磪᪃ड़୨௔牧犥蝒ଫݱᐿ犋ݶጱᏝկ礍຅牧ᦏ鉖犚Ꮭկࣁඪ瞱 
JVM ෸狡᮷胼ჿ᪃霙ᤈᥢ舰牪ਙ݈ᥝ᪃ड़Ӹᨆ牧ᦏଫአ੶դᎱᖫ豔ᘏ胼狅覎鉖ॺᥢ舰牧Ꭳ螇
纷ଧெԍ豔಍胼ݱࣁᐿ羬ᕹӤ霙ᤈ᮷犋տ磪ྏԎ牧犋տ磪ଚݎᳯ᷌牐

JMM ٖ牧ᕚ纷牏Ԇٖਂ牏ૡ֢ٖ ࣁԧڊ瞲 1-12 ࢶጱ ̽窼獈ቘ薹 Java 醲跥๢̾Ӟԡጱݷ茐ࣁ
ਂጱى羬牐ࢶ粙๶ᛔᧆԡጱ Kindle 粚物

՗ٖਂ秇ࣳӞ᦯疰胼፡ڊ๶牧鉖ฎ੒፥贶Ӯኴጱ秇跥牐ࢶӾ Java ᕚ纷੒ଫጱ疰ฎ CPU҅ૡ֢
ٖਂ੒ଫጱ੪ฎ CPU Cache҅Java ൉ᅫڊ๶ጱӞॺ Save牏Load 瞲犤੒ଫጱ疰ฎᖨਂӞ膌௔
Ԇٖਂ੒ଫጱ疰ฎ Memory牐፥贶ӮኴጱᏝկ襑ᥝ礬ഝᛔ蛪眐ݸᦓ牧磧ܐᦓ牧疰ฎ MESI 缛ܐ
鉖ॺ秇ࣳ᯾ॺ牐ݻ݄٭

JMM ਠ珿ԭ JSR-133҅ሿࣁӞᛱտ಩ᧇᕡ᧔กනࣁ Java Language ጱ Spec Ӥ牧穉ই Java11 
ጱᦾࣁ物Chapter 17. Threads and Locks牐ࣁ鉖犚᧔กԏक़牧鉕磪ӻ粬ݷڊڦጱ 
Cookbook҅ݞ The JSR-133 Cookbook for Compiler Writers牐፡Ӥ݄ฎ᧔豔ᕳ Java ጱ 
Compiler ፡牧ᦏ Compiler Ꭳ螇ই֜胼螞盌 JSR-133 矟ᕲጱ JMM ᥝ穩牐੒౯ժӤ੶ Java ֵ
አᘏ๶᧔牧鉖ӻ Cookbook 疰ฎ矐ᔱ JVM 犌ٖਂ牏Cache Ի԰ጱ蝝趥牐鉖᯾ᶎ࿜盄窼牧Օᕨ
ԧ盄ग़ӳᥜ牧౯鉖᯾ݝᦕ趟蚤๜෈ፘىጱٖ਻牐

JVM Ӥጱ Memory Barrier

JVM ೲ獮ݸ獤ڦ磪᧛牏豔ӷᐿ砺֢犥獊矎ڜොୗӞو൉׀ԧࢥᐿ Barrier҅ݷᑍ੪ฎૢݦӷᬟ
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඙֢ጱਁݷ೪ള̶ྲই LoadLoad  Barrier 疰ฎ硯ࣁӷ稞 Load 砺֢Ӿᳵጱ Barrier҅
LoadStore  疰ฎ硯ࣁ Load ޾ Store Ӿᳵጱ Barrier牐Barrier 遞ࣳ现ٌ珀Ԏইӥ物

 LoadLoad҅඙֢ଧڜ  Load1, LoadLoad, Load2҅አԭכᦤᦢᳯ Load2 ጱ᧛玲砺֢Ӟਧ犋胼
᯿矎ک Load1 ԏ獮牐遞犲ԭ獮ᶎ᧔ጱ Read Barrier҅ᵱᥝ॒ضቘ Invalidate Queue ٚݸ᧛ 
Load2Ҕ

 StoreStore҅඙֢ଧڜ Store1, StoreStore, Store2҅አԭכᦤ Store1 现ٌԏݸ豔ڊጱ踞ഝӞ
ਧضԭ Store2 豔ڊ牧ڦܨጱ CPU Ӟਧض፡ک Store1 ጱ踞ഝ牧ٚ፡ک Store2 ጱ踞ഝ牐ݢ胼տ
磪Ӟ稞 Store Buffer ጱڬ豔牧犖ݢ胼蝢鉑ಅ磪豔砺֢᮷硯獈 Store Buffer 矎ଧ๶狒ᦤ牪

 LoadStore҅඙֢ଧڜ Load1, LoadStore, Store2҅አԭכᦤ Store2 现ٌԏݸ豔ڊጱ踞ഝᤩٌ
ਙ CPU ፡کԏ獮牧Load1 ᧛玲ጱ踞ഝӞਧض᧛獈ᖨਂ牐綍ᛗݢ胼 Store2 ጱ砺֢狅ᩢԭ 
Load1 ጱ୮獮꧊牐鉖ӻ Barrier ጱֵአ࣋วݢ胼޾ӤӞᜓᦖጱ Cache 礍຅秇ࣳ盄ᵙ੒ଫ牧ླᒌ
ᮎฎӞӻ礃ᓌᕮ຅牧ଚӬݝฎӞᐿٍ֛ጱ Cache 礍຅牧ᘒ JVM ጱ Barrier ᥝ᪃ड़ು虡݄ଫ՞
鉖ӻ Barrier ጱ࣋کӤӞᜓጱ Cache 礍຅๶᧔牧౯ቘ薹አڊጱ Cache 礍຅牐ইຎ᪡ݶᐿ犋ݱ
วݢ胼ฎ᧔礓ᐿ CPU ࣁ豔 Store2 ጱ෸狡牧ᦊԅڬ豔 Store2 ਂٖک牧贻ٌਙ CPU Ӥ Store2 
ಅࣁ Cache Line ᦡᗝԅ෫硳ጱ蝧ଶᥝ盠ԭ՗ٖਂ᧛玲 Load1҅ಅզ؉ԧᬯᐿ᯿ഭ̶

 StoreLoad҅඙֢ଧڜ Store1, StoreLoad, Load2҅አԭכᦤ Store1 豔ڊጱ踞ഝᤩٌਙ CPU 
፡ݸک಍胼᧛玲 Load2 ጱ踞ഝکᖨਂ牐ইຎ Store1 ޾ Load2 砺֢ጱฎݶӞӻ瑿࣎牧
StoreLoad Barrier 襑ᥝ狒ᦤ Load2 犋胼᧛ Store Buffer ٖጱ踞ഝ牧஑ฎ՗ٖਂӤ೉玲کጱ礓
ӻڦጱ CPU 狕硬鉑ጱ꧊牐 StoreLoad  Ӟ膢տᦊԅฎ磧᯿ጱ Barrier 犖ฎ胼贶ሿٌਙಅ磪 
Barrier ۑ胼ጱ Barrier牐

੒Ӥᶎࢥᐿ Barrier 薹᯽磧অጱฎ๶ᛔ鉖᯾物jdk/MemoryBarriers.java at 
6bab0f539fba8fb441697846347597b4a0ade428 · openjdk/jdk · GitHub҅ఽᥧྲ JSR-133 
Cookbook ᯾ጱ鉕ᥝᕡӞᅩ牐౯ࣁ鉖᯾犖ಧӞӥމ物

LoadLoad 

> The sequence Load1; LoadLoad; Load2 ensures that Load1's data are loaded before data 
accessed by Load2 and all subsequent load instructions are loaded. In general, explicit 
LoadLoad barriers are needed on processors that perform speculative loads and/or out-
of-order processing in which waiting load instructions can bypass waiting stores. On 
processors that guarantee to always preserve load ordering, these barriers amount to no-
ops.

LoadStore

> The sequence Load1; LoadStore; Store2 ensures that Load1's data are loaded before all 
data associated with Store2 and subsequent store instructions are flushed. LoadStore 
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barriers are needed only on those out-of-order processors in which waiting store 
instructions can bypass loads.

StoreLoad

> The sequence Store1; StoreLoad; Load2 ensures that Store1's data are made visible to 
other processors (i.e., flushed to main memory) before data accessed by Load2 and all 
subsequent load instructions are loaded. StoreLoad barriers protect against a subsequent 
load incorrectly using Store1's data value rather than that from a more recent store to the 
same location performed by a different processor.

> Because of this, on the processors discussed below, a StoreLoad is strictly necessary only 
for separating stores from subsequent loads of the same location(s) as were stored before 
the barrier. StoreLoad barriers are needed on nearly all recent multiprocessors, and are 
usually the most expensive kind. Part of the reason they are expensive is that they must 
disable mechanisms that ordinarily bypass cache to satisfy loads from write-buffers. This 
might be implemented by letting the buffer fully flush, among other possible stalls.

StoreStore

> The sequence Store1; StoreStore; Store2 ensures that Store1's data are visible to other 
processors (i.e., flushed to memory) before the data associated with Store2 and all 
subsequent store instructions. In general, StoreStore barriers are needed on processors 
that do not otherwise guarantee strict ordering of flushes from write buffers and/or caches 
to other processors or main memory.

ԅՋԍ鉖Ӟञ Barrier ᯾ StoreLoad  磧᯿牫

ಅ᧲ጱ᯿贶ᴬ疰ฎ蚤ٖਂԻ԰稞踞牧Ի԰᩼ग़皤᬴᩼य़҅Ԟ੪ฎ᩼᯿̶ StoreStore҅ 
LoadLoad  ӷӻ᮷犋൉ԧ牧ࢩԅਙעᥝԍݝ褖ګ᧛牧ᥝԍݝ褖ګ豔牧犖ݝܨ磪Ӟ稞ٖਂԻ԰牐
磪 LoadStoreݝ StoreLoad ޾   ፡Ӥ݄磪ݢ胼੒᧛豔᮷磪褖ګ牐֕ LoadStore  ᯾贶ᴬ褖ګጱ
ๅग़ጱฎ᧛牧ܨ Load 踞ഝᬰ๶牧ਙଚ犋੒磧ݸጱ Store ਂ݄ڊ踞ഝጱݢᥠ௔磪ᥝ穩牧ݝฎ᧔ 
Store 犋胼᯿矎ک Load ԏ獮牐ᘒ玱ᥡ StoreLoad҅ਙฎ᧔ӧᚆᦏ Load ᯿矎ک Store ԏ獮牧
鉖ԍӞ๶஑ᥝ穩ࣁ Load 砺֢獮ڬ豔 Store Buffer ਂٖک牐犋݄ڬ Store Buffer ጱᦾ牧疰ݢ胼
੕膌ضಗᤈԧ᧛玲砺֢牧ԏڬٚݸ Store Buffer ੕膌豔砺֢贶ᴬᤩ᯿矎کԧ᧛ԏݸ牐ᘒ踞ഝӞ
෮ڬ豔݄ڊ牧ڦጱ CPU 疰胼፡ک牧፡کԏݢݸ胼疰տ狕硬ӥӞྍ Load 砺֢ጱٖਂ੕膌 Load 
砺֢ጱٖਂಅࣁ Cache Line ෫硳牐ইຎرᦜ Load 砺֢՗Ӟӻݢ胼ᤩ Invalidate ጱ Cache 
Line ᯾᧛踞ഝ牧ڞ蔭纈 Load ՗贶ᴬ఺ԎӤ๶᧔ᤩ᯿矎کԧ Store ԏ獮牧ࢩԅ鉖ӻ踞ഝݢ胼ฎ 
Store 獮疰ࣁ Cache Ӿጱ牧ፘ୮ԭ᧛砺֢൉獮ԧ牐ԅԧ螨ع鉖ᐿԪݎኞ牧Store ਠ౮ݸӞਧᥝ
݄賳ቘ Invalidate Queue݄҅ڣෙᛔ૩ Load 砺֢ጱٖਂಅࣁ Cache Line ฎ玽ᤩᦡᗝԅ෫
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硳牐鉖ԍӞ๶ԅԧჿ᪃ StoreLoad  ጱᥝ穩牧Ӟොᶎᥝڬ Store Buffer҅Ӟොᶎᥝ॒ቘ 
Invalidate Queue๋҅ڞ૧ఘ٭ӥտํӷེٖਂ඙֢҅᧛ٟڦړӞེ҅ಅզਙ๋᯿̶

StoreLoad  ԅՋԍ胼贶ሿٌਙ Barrier ጱۑ胼牫

鉖ӻ犖ฎ՗獮Ӟӻᳯ᷌ᕮຎ胼፡ڊ๶ጱ牐 StoreLoad ԅ੒᧛豔砺֢璂磪ᥝ穩牧ಅ犥ਙ胼贶ሿࢩ 
ٌਙ Barrier ጱۑ胼牐ٌਙ Barrier ᮷ฎݝ੒᧛豔ԏӾጱӞӻොᶎ磪ᥝ穩牐

犋鉑鉖ࢥӻ Barrier ݝฎ Java ԅԧ᪜ଘݣᘒᦡᦇڊ๶ጱ牧贶ᴬӤ礬ഝ CPU ጱ犋ݶ牧੒ଫ CPU 
ଘݣӤጱ JVM ݢ胼ݢ犥犭玕ധӞ犚 Barrier牐穉ই盄ग़ CPU ࣁ᧛豔ݶӞӻݒᰁጱ෸狡胼狒ᦤ
ਙᬳᖅ砺֢ጱᶲଧ௔牧ᮎ疰犋አے Barrier ԧ牐穉ই Load x; Load x.field  ᧛ x ٚ᧛ x ӥᶎ
礓ӻ field҅ইຎᦢᳯݶӞӻٖਂ CPU 胼狒ᦤᶲଧ௔牧ӷ稞᧛玲ԏᳵጱ Barrier 疰犋ٚ襑ᥝ
ԧ牧礬ഝਁᜓᎱᖫᦲ஑کጱ࿤ᖫ瞲犤Ӿ牧๜๶ଫᧆ矠獈 Barrier ጱ瑿ොտᤩ磦ഘԅ nop҅ܨᑮ
඙̶֢ࣁ x86 Ӥ牧贶ᴬݝ磪 StoreLoad  鉖Ӟӻ Barrier ฎ磪硳ጱ牧x86 Ӥဌ磪 Invalidate 
Queue҅ྯེ Store 踞ഝ݈᮷տ݄ Store Buffer 矎ᴚ牧ಅ犥 StoreStore҅ LoadLoad  ᮷犋襑
ᥝ牐x86 ݈胼狒ᦤ Store 砺֢᮷տ蚎 Store Buffer 皥ྍڬ豔牧Store 犋տᤩ᯿矎ک Load ԏ
獮牧 LoadStore  犖ฎ犋襑ᥝጱ牐ݝ獵ӥӞӻ StoreLoad  Barrier ࣁ x86 ଘݣጱ JVM Ӥᤩֵ
አ牐

x86 Ӥெԍֵአ Barrier ጱ᧔กݢ犥ࣁ openjdk ጱդᎱӾ፡ک牧य़膌Ӥฎ物

enum Membar_mask_bits {

    StoreStore = 1 << 3,

    LoadStore  = 1 << 2,

    StoreLoad  = 1 << 1,

    LoadLoad   = 1 << 0

  };

  // Serializes memory and blows flags

  void membar(Membar_mask_bits order_constraint) {

    // We only have to handle StoreLoad

    if (order_constraint & StoreLoad) {

      // All usable chips support "locked" instructions which suffice

      // as barriers, and are much faster than the alternative of

      // using cpuid instruction. We use here a locked add [esp-C],0.

      // This is conveniently otherwise a no-op except for blowing

      // flags, and introducing a false dependency on target memory

      // location. We can't do anything with flags, but we can avoid

      // memory dependencies in the current method by locked-adding
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      // somewhere else on the stack. Doing [esp+C] will collide with

      // something on stack in current method, hence we go for [esp-C].

      // It is convenient since it is almost always in data cache, for

      // any small C.  We need to step back from SP to avoid data

      // dependencies with other things on below SP (callee-saves, for

      // example). Without a clear way to figure out the minimal safe

      // distance from SP, it makes sense to step back the complete

      // cache line, as this will also avoid possible second-order effects

      // with locked ops against the cache line. Our choice of offset

      // is bounded by x86 operand encoding, which should stay within

      // [-128; +127] to have the 8-byte displacement encoding.

      //

      // Any change to this code may need to revisit other places in

      // the code where this idiom is used, in particular the

      // orderAccess code.

      int offset = -VM_Version::L1_line_size();

      if (offset < -128) {

        offset = -128;

      }

      lock();

      addl(Address(rsp, offset), 0);// Assert the lock# signal here

    }

  }

๶ᛔ鉖᯾物jdk/assembler_x86.hpp at 9a69bb807beb6693c68a7b11bee435c0bab7ceac · 
openjdk/jdk · GitHub
፡ک x86 ӥֵአጱฎ lock ๶贶ሿ StoreLoad҅ଚӬ॒ݝቘԧ StoreLoad牐

volatile

JVM Ӥ੒ Barrier ጱӞӻԆᥝଫአฎࣁ volatile  Ძਁጱ贶ሿىᲫਁጱ贶ሿӤ牐੒鉖ӻى 
Oracle 磪鉖ԍӞྦྷ矟蝄物

> Using volatile variables reduces the risk of memory consistency errors, because any write 
to a volatile variable establishes a happens-before relationship with subsequent reads of 
that same variable. This means that changes to a volatile variable are always visible to 
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other threads. What's more, it also means that when a thread reads a volatile variable, it 
sees not just the latest change to the volatile, but also the side effects of the code that led 
up the change.

๶ᛔ Oracle ੒ Atomic Access ጱ᧔ก物Atomic Access牐य़膌Ӥ疰ฎ᧔ᤩ volatile  ຽᦕጱ
ᰁ襑ᥝᖌ镔ӷӻ粬௔物ݒ

ᥠ௔牧ྯ稞᧛ volatileݢ  Ӟӻ੒ਙጱ豔獈砺֢牧犋ᓕ鉖ӻ豔ݸ磧ܨਙ磧碝꧊牧کᰁ௛胼᧛ݒ 
獈ฎ犋ฎ୮獮ᕚ纷ਠ౮ጱ牐

 纔ྊ瞲犤᯿矎牧犖ܨᖌ镔 happens-before 羬牧੒ volatileى  豔獈ԏکᰁጱ豔獈犋胼᯿矎ݒ 
獮ጱ砺֢ԏ獮牧՗ᘒ狒ᦤڦጱᕚ纷፡ک豔獈꧊ݸ疰胼Ꭳ螇豔獈ԏ獮ጱ砺֢᮷૪ᕪݎኞ鉑牪੒ 
volatile  ጱ᧛玲砺֢Ӟਧ犋胼ᤩ᯿矎ݸکᖅ砺֢ԏݸ牧穉ই౯襑ᥝ᧛ volatileݸ礬ഝ᧛کጱ
꧊狶Ӟ犚Ԫ眐牧狶鉖犚Ԫ眐ইຎ᯿矎کԧ᧛ volatile  ԏ獮牧ڞፘ୮ԭဌ磪ჿ᪃᧛ volatile  
襑ᥝ᧛ک磧碝꧊ጱᥝ穩牧ࢩԅݸᖅ鉖犚Ԫ眐ฎ礬ഝӞӻ෯ volatile  ꧊狶ጱ牐

襑ᥝ፡کӷӻԪ眐牧Ӟӻฎ纔ྊ瞲犤᯿矎犋ฎ纔ྊಅ磪ጱ᯿矎牧ݝฎ volatile  豔獈犋胼ݻ獮
矎牧᧛玲犋胼ݸݻ矎牐ڦጱ᯿矎鉕ฎտرᦜ牐ݚӞӻฎ纔ྊ瞲犤᯿矎贶ᴬ犖ฎԅԧ݄ჿ᪃ݢᥠ

௔ᘒᴫଃԾኞጱ牐ಅ犥 volatile  ੒Ӥ蝄ӷӻ粬௔ጱᖌ镔疰胼覎 Barrier ๶贶ሿ牐

؃ᦡᕅਧ Normal Load, Normal Store ੒ଫጱฎ੒ฦ蝢୚አጱ狕硬牐অ穉磪 int a = 1;  ᮎ a 
= 2;  疰ฎ Normal Store҅ int b = a;  疰磪Ӟ稞੒ a ጱ Normal Load牐ইຎݒᰁଃ፳ 
volatile  狕᷶牧ᮎ੒ଫጱ᧛玲޾豔獈砺֢疰ฎ Volatile Load ౲ᘏ Volatile Store牐 volatile  
੒դᎱኞ౮ጱਁᜓᎱ๜蛪ဌ磪୽ߥ牧ܨ Java Method ኞ౮ጱਁᜓᎱ෫ᦞ᯾ᶎ砺֢ጱݒᰁฎ犋
ฎ volatile  ्กጱ牧ኞ౮ጱਁᜓᎱ᮷ฎӞ໏ጱ牐 volatile  ٖ ጱฎ ClassߥᎱ੶ᶎ୽ᜓਁࣁ 
Field ጱ access_flags (݇፡ Java 11 The Java Virtual Machine Specification ጱ 4.5 ᜓ)҅ݢ
զቘᥴԅ୮፡کӞӻ౮ާݒᰁᤩ्กԅ volatile҅Java ᖫᦲ瑊疰ࣁ鉖ӻ౮ާݒᰁӤ಑ӻຽᦕ
ᦕ趟ਙฎ volatile  ጱ牐JVM ࣁ贻ਁᜓᎱᖫᦲԅ࿤ᖫ෸牧ইຎᏳᥠ穉ই getfield , putfield  
鉖犚ਁᜓᎱ牧ଚӬݎሿ砺֢ጱฎଃ፳ volatile  ຽᦕጱ౮ާݒᰁ牧疰տࣁ࿤ᖫ瞲犤Ӿ礬ഝ 
JMM ᥝ穩矠獈੒ଫጱ Barrier牐

礬ഝ volatile  ᧍Ԏ牧౯ժ狅稞፡ӥᶎ砺֢稞ଧᧆአՋԍ Barrier҅ᵱᥝ᧔กጱฎᬯ᯾ݸڹӷ
ӻ඙֢ᵱᥝ඙֢ӧݶጱݒᰁғ

 Normal Store, Volatile Store牐ضܨ豔Ӟӻฦ蝢ݒᰁ牧ٚ豔Ӟӻଃ volatile  ጱݒᰁ牐鉖ᐿ盄
กดฎ஑አ StoreStore Barrier牐

 Volatile Store, Volatile Store牐犖กดฎ StoreStore҅ࢩԅᒫԫེץදᤩڦጱ CPU ፡ک෸襑ᥝ
狒ᦤ鉖稞豔獈ԏ獮ጱ豔獈᮷胼ᤩ፡ک牐

 Nolmal Load, Volatile Store牐஑አ LoadStore҅᭿ع Store 砺֢᯿矎ک Load ԏ獮牐
 Volatile Load, Volatile Store牐஑አ LoadStoreܻ҅ݶࢩӤ̶
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Ӥᶎࢥᐿ眐٭ᥝአ Barrier ጱܻࢩᕹӞ๶᧔疰ฎ獮ᶎ Oracle ੒ Atomic Access ጱ᧔ก牧豔Ӟ
ӻ volatile  ጱݒᰁᤩڦጱ CPU ፡ک෸牧襑ᥝ狒ᦤ豔鉖ӻݒᰁ砺֢ԏ獮ጱ砺֢᮷胼ਠ౮牧犋
ᓕ獮Ӟӻ砺֢ฎ᧛鉕ฎ豔牧砺֢ጱฎ volatile ᰁ鉕ฎ犋ฎ牐ইຎ Store 砺֢狶ԧ᯿矎牧矎ݒ 
ԧ獮Ӟӻ砺֢ԏ獮牧疰տᬲ玱鉖ӻᕅਧ牐ಅ犥 volatileک  ےStore 砺֢獮ᶎ ࣁᰁ砺֢ฎݒ 
Barrier҅ᘒ Store ݸইຎฎ Normal ݒᰁ疰犋አ Barrier ԧ牧᯿犋᯿矎᮷෫ಅ᧲物

 Volatile Store, Normal Load
 Volatile Store, Normal Store

੒ԭ volatile volatile کᰁጱ᧛砺֢牧ԅԧჿ᪃獮ᶎ൉ݒ   ጱӷӻ粬௔牧ԅԧ螨ݸعӞӻ砺
֢᯿矎ک᧛ volatile  砺֢ԏ獮牧ಅ犥੒ volatile  ጱ᧛砺֢᮷ฎࣁ᧛ݸᶎے Barrierғ

 Volatile Load, Volatile Load牐஑አ LoadLoad牐
 Volatile Load, Normal Load牐஑አ LoadLoad牐
 Volatile Load, Normal Store牐஑አ LoadStore牐

ᘒইຎݸӞӻ砺֢ฎ Load҅ڞӧᵱᥝٚአ Barrier҅ᚆᵋ఺᯿ഭғ

 Normal Store, Volatile Load牐
 Normal Load, Volatile Load牐

磧ݸ鉕磪ӻ粬ڦጱ牧獮Ӟӻ砺֢ฎ Volatile Store҅ݸӞӻ඙֢ฎ Volatile Loadғ

 Volatile Store, Volatile Load牐஑አ StoreLoad牐ࢩԅ獮Ӟӻ Store ԏ獮ጱ砺֢ݢ胼੕膌ݸӞӻ 
Load ጱݒᰁݎኞݒ玕牧ݸӞӻ Load 砺֢襑ᥝ胼፡ک鉖ӻݒ玕牐

鉕獵ӥࢥӻ Normal ጱ砺֢牧᮷ฎ鋓఺᯿矎牧ဌ୽ߥ物

 Normal Store, Normal Load
 Normal Load, Normal Load
 Normal Store, Normal Store
 Normal Load, Normal Store

鉖犚ֵአොୗ޾ Java ӥٍ֛砺֢ጱ੒ଫ蔭ইӥ物
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synchronized ڊ੒ଫ፳ᬰڦMonitor Exit 獤 ޾ Ӿ Monitor Enterࢶ  賉牐Monitor Ender ޾ 
Volatile Load ੒ଫ牧ֵአ Barrier ጱොୗፘݶ牐Monitor Exit ޾ Volatile Store ੒ଫ牧ֵአ 
Barrier ጱොୗፘݶ牐

௛ᕮӞӥ鉖ӻࢶ牧ᦕ஡ֵአ Barrier ጱොဩ覍ଉᓌܔ牧ݝᥝฎ豔ԧ volatile ᰁ牧ԅԧ狒ᦤݒ 
੒鉖ӻݒᰁጱ豔砺֢ᤩٌਙ CPU ፡ک෸牧鉖ӻ豔砺֢ԏ獮ݎኞጱԪ眐犖᮷胼ᤩڦጱ CPU ፡
豔 volatileࣁ牧ᮎ疰襑ᥝک  ԏ獮ے獈 Barrier牐螨ع豔砺֢ᤩݻ獮᯿矎੕膌 volatile ᰁ૪ݒ 
ᕪ豔獈ԧᤩڦጱ CPU ፡کԧ֕ਙ獮ᶎ豔獈鉑牧᧛鉑ጱݒᰁܩဌ磪ᤩڦጱ CPU 眤Ꭳک牐豔獈ݒ
ᰁᤩڦጱ CPU 眤Ꭳکঅ᧔牧鉖᯾᧛ݒᰁெԍݢ胼ᤩڦጱ CPU 眤Ꭳک珌牫Ԇᥝฎ

ᥝฎ᧛ԧ volatileݝ᧛ොᶎ牧ࣁ ᖅचԭ鉖稞᧛砺֢ᘒಗᤈጱ砺֢胼፥ጱ礬ݸᰁ牧ԅԧ狒ᦤݒ 
ഝ᧛کጱ磧碝꧊狶矑ӥ๶ጱԪ眐牧襑ᥝࣁ᧛砺֢ԏےݸ Barrier牐

Ӟེڹԅࢩکᚆ፡ݐӞӻ᧛ݸᦤכӞӻ粬ྛጱ Volatile Store, Volatile Load҅ԅԧے種ԏक़ࣁ
StoreLoad فے۸҅ಅզᵱᥝݒ੕ᛘጱفٟ  Barrier牐

JMM ᧔กӾ牧ᴻԧӤᶎ蔭Ӿᦖጱ volatile ጱֵአ Barrier 瑿ොԏक़牧鉕磪ӻ粬ྛ瑿ىᰁፘݒ 
ො犖տአک Barrier҅ฎ final  狕᷶ᒧ牐ࣁ狕硬 final ᰁԏᳵ牧ᥝ磪ݒՁوጱڦ狕硬޾ᰁݒ 
Ӟӻ StoreStore  Barrier牐ֺই x.finalField = v; StoreStore; sharedRef = x;ӥᶎฎӞ
ᕟ砺֢Ԉֺ牧፡ٍ֛Ջԍ໏ጱݒᰁᤩ᧛玲牏豔獈ጱ෸狡襑ᥝֵአ Barrier牐

磧ݢݸ犥፡Ӟӥ JSR-133 Cookbook ᯾ᕳጱֺৼ牧य़禊眤ݑӞӥ砺֢ݱᐿ遞ࣳݒᰁ෸狡 
Barrier ฎெԍےጱ物
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volatile ጱݢᥠ௔ᖌ镔
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௛ᕮ๶᧔牧 volatile ᥠ௔۱ೡӷӻොᶎ物ݢ 

1.  豔獈ጱ volatile 牪کӥӞ稞᧛玲Ӿ᧛玲ࣁ ጱ CPUڦ胼ᤩݸ豔ਠԏࣁᰁݒ 
2.  豔獈 volatile volatile کጱ CPU ፡ڦࣁᰁԏ獮ጱ砺֢ݒ   ጱ磧碝꧊ݸӞਧ犖胼ᤩ፡ک牪

੒ԭᒫӞӻොᶎ牧Ԇᥝ蝢鉑物

1.  ᧛玲 volatile ᰁ犋胼ֵአੀਂ瑊牧ྯ稞᧛玲᮷ᥝ݄ٖਂ೭ݒ 
2.  纔ྊ᧛ volatile ᧛ volatileکᖅ砺֢ᤩ᯿矎ݸᰁݒ   ԏ獮

੒ԭᒫԫӻොᶎ牧Ԇᥝฎ蝢鉑豔 volatile ᰁ෸ጱ Barrier 狒ᦤ豔 volatileݒ   ԏ獮ጱ砺֢ض
ԭ豔 volatile ኞ牐ݎᰁԏ獮ݒ 

磧ݸ鉕Ӟӻ粬ྛጱ牧ইຎ胼አک StoreLoad  Barrierٟ҅ volatile  Store Buffer ݎӞ膢տ薼ݸ 
ጱڬ豔牧ಅ犥豔砺֢胼̿缏̀ܨᤩڦጱ CPU ፡ک牐

Ӟ膢൉ک volatile ݄ Ӟӻ豔 Barrierےݸጱ薹᯽ฎ̿豔獈踞ഝԏکލᥠ௔ெԍ贶ሿ牧磧ଉݢ 
՗Ԇਂ᧛̀牐ګ獈 Barrier ݄୩ےԆਂ牧᧛踞ഝԏ獮کᖨਂڬ

՗獮ᶎ੒ JMM ጱՕᕨ胼፡ک牧ᛗ੝՗ JMM ጱ薫ଶ๶᧔牧鉖ӻ᧔ဩฎ犋ड़ٵ繊ጱ牐Ӟොᶎ 
Barrier ೲ᧔ࣁے豔 volatile Barrier牐ᘒ᧛ volatile ےݸᰁԏ獮牧犋ᧆԏݒ   ฎࣁԏݸտے 
Barrier҅ᘒӧࣁԏݚ̶ڹӞොᶎىԭ ̿ڬᖨਂ̀ጱ蔭蝄犖犋ड़ٵ繊牧ֵܨฎ StoreLoad  
Barrier ڬጱ犖ฎ Store Buffer کᖨਂ᯾牧ᘒ犋ฎᖨਂݻԆਂ݄ڬ牐ইຎ盃豔獈ጱፓຽٖਂࣁ
୮獮 CPU Cacheֵ҅ܨ᥶ݎ Store Buffer ڬ豔犖ฎ豔踞ഝک Cache҅ଚӧտ᥶ݎ Cache ጱ 
Writeback ਂٖݻܨ狶ྍݶጱԪ眐牧ྍݶԆਂ犖ဌ磪఺Ԏࢩԅڦጱ CPU ଚ犋Ӟਧىஞ鉖ӻ
꧊牪ݶቘ牧ֵܨ᧛ volatile ୮獮 CPU Cache Ӭ賳ࣁ牧ইຎፓຽٖਂࣁ磪 Barrier ጱਂݸᰁݒ 
ԭ Valid ᇫா牧ᮎ᧛玲砺֢疰缏ܨ՗ Cache ᧛牧ଚ犋տ፥ጱ݄ٖٚਂ೉Ӟ螁踞ഝ牐

襑ᥝᤑ獅ጱฎ෫ᦞฎ volatile  鉕ฎฦ蝢ݒᰁࣁ᧛豔砺֢๜蛪ොᶎਠ獊ฎӞ໏ጱ牧ܨ᧛豔砺֢
᮷Իᕳ Cache҅Cache 蝢鉑 MESI 现ٌݒᐿܐᦓ݄狶ᖨਂӞ膌௔ᖌ镔牐鉖ӷᐿݒᰁጱ豽ڦ疰ݝ
ԭ Barrier ጱֵአӤ牐ࣁ

volatile ᧛玲砺֢ฎ Free ጱހ

ԅᴻԧ StoreLoadࢩx86 ӥ ࣁ  ԏक़ٌਙ Barrier ᮷ฎ绚砺֢牧֕ฎ᧛ volatile ᰁଚ犋ฎਠݒ 
獊෫୏ᲀ牧Ӟොᶎ Java ጱᖫᦲ瑊鉕ฎտ螞ᆙ JMM ᥝ穩ࣁ๜ᧆے獈 Barrier ጱ࿤ᖫ瞲犤賳霘獈 
nop҅ᬯտᴥᏥ Java ᖫᦲ瑊ጱӞ犚犭玕ഷ碞牐穉ই๜๶胼ᬰᤈ瞲犤᯿矎ጱ犋碁ᬰᤈ瞲犤᯿矎
缛牐ݚक़ࢩԅᦢᳯጱݒᰁᤩ्กԅ volatile҅ྯེ᧛ݐਙ᮷஑՗ٖਂ( ౲ Cache ) ᥝ牧ᘒ犋胼
಩ volatile 犥፡፡鉖᯾物ݢᰁጱ௔胼牐ݒᰁ硯獈ੀਂ瑊玱瓰ֵአ牐鉖犖褔犵ԧᦢᳯݒ 
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 Psychosomatic, Lobotomy, Saw: JMM Cookbook Footnote: NOOP Memory Barriers on x86 
are NOT FREE

 Are volatile reads really free? - Marc's Blog
 java - Are volatile variable 'reads' as fast as normal reads? - Stack Overflow

ቘమ眐٭ӥ੒ volatile  ਁྦྷጱֵአଫ୮ग़᧛੝豔牧ଚӬੱᰁݝ磪Ӟӻᕚ纷ᬰᤈ豔砺֢牐犋鉑
᧛ volatile  ፘ੒᧛ฦ蝢ݒᰁ๶᧔犖磪୏ᲀਂࣁ牧ݝฎӞ膢犋ฎ粬ڦ᯿牐

ᶶ False Sharing ᯾ጱֺৼࢧ

CPU Cache चᏐ 鉖缰෈ᒍٖՕᕨԧ False Sharing ጱ禊盢犥现ই֜ᥡ疗ک False Sharing ሿ
虡牐ٌӾ磪ӻىᲫᅩฎԅԧ胼ๅঅጱᥡ疗ک False Sharing҅஑ਖ਼ᤩᕚᑕ඙֢ጱݒᰁ्กԅ 
volatile҅ᬯ໏ False Sharing ڊሿ෸௔胼ӥ褔տ覍ଉग़牧֕ইຎ݄ധ volatile  ௔胼ӥ褔穉
ሲ疰տٺ੝牧鉖ฎԅՋԍ珌牫

ᓌܔ๶᧔ইຎဌ磪 volatile  ्ก牧犖ܨဌ磪 Barrier ਂࣁ牧ྯ稞੒ݒᰁᬰᤈ狕硬ইຎ୮獮ݒ
ᰁಅਂٖࣁጱ Cache Line 犋ࣁ୮獮 CPU҅ᮎ੪ਖ਼ץදጱ඙֢නࣁ Store Buffer ٖ缛盃ፓຽ 
Cache Line ے᫹ٚݸ贶ᴬಗᤈ豔獈砺֢牧鉖ፘ୮ԭ豔獈砺֢ࣁ Store Buffer ٖ狶ԧᑌᔴ牧穉ই 
a++  砺֢犋ฎྯ稞ಗᤈ᮷տݻ Cache ᯾ಗᤈےӞ牧ᘒฎࣁ Cache ے᫹ݸፗ矑ಗᤈ穉ই10҅ ے
ଚ౮Ӟེ Cache Line 豔獈砺֢牐ᘒ磪ԧ volatileݳӞ඙֢ے100҅՗ᘒਖ਼Ӟಢ ے  ्ก牧磪
ԧ Barrier҅ԅԧכᦤٟفහഝጱݢᥠ௔҅੪տ୚فᒵஇ Store Buffer ڬ豔 Cache Line ጱ୏
ᲀ牐୮ፓຽ Cache Line 鉕๚ے᫹獈୮獮 CPU ጱ Cacheٟ҅හഝٟض Store Buffer҅֕፡ֺک
ই StoreLoad  Barrier ݸ襑ᥝ缛盃 Store Buffer ጱڬ豔಍胼ᖀᖅಗᤈӥӞ蹇瞲犤牐鉕ฎ೭ a++  
๶᧔牧ྯ稞ےӞ砺֢犋ٚ胼ᑌᔴ牧ᘒฎ஠ᶳ缛፳ Cache Line ے᫹牧ಗᤈਠ Store Buffer ڬ豔
 ሿ False Sharing ෸ڊ牧ಅ犥ߥ಍胼ᖀᖅӥӞӻ豔獈牧鉖疰硯य़ԧ Cache Miss ෸ጱ୽ݸ
Cache Line ࣁग़ӻ CPU ԏᳵ๶ࢧ᪡᫨牧ࣁᤩ狕硬ጱݒᰁ磪ԧ volatile  ्กݸտಗᤈጱๅ
眸牐

ٚᬰӞྍ᧔牧౯ฎࣁ౯๜๢狶ၥᦶ牧౯ጱ๢瑊ฎ x86 礍຅ጱ牧ࣁ౯ጱ๢瑊Ӥ贶ᴬݝ磪 
StoreLoad  Barrier տ፥ጱ蚏֢አ牐౯ժ݄ open jdk ጱդᎱ᯾፡፡ StoreLoad  Barrier ฎெԍ
Ӥጱ牐ے

፡鉖᯾牧JSR-133 Cookbook ᯾ਧԎԧӞञ Barrier҅֕ JVM 醲跥๢Ӥ贶ᴬ鉕տਧԎๅग़Ӟض
犚 Barrier ࣁ src/hotspot/share/runtime/orderAccess.hpp牐

ྯӻ犋ݶጱ羬ᕹ౲ CPU 礍຅տֵአ犋ݶጱ orderAccess  ጱ贶ሿ牧穉ই linux x86 ጱࣁ src/
hotspot/os_cpu/linux_x86/orderAccess_linux_x86.hpp҅BSD x86 ޾ Linux x86 ጱ遞犲ࣁ 
src/hotspot/os_cpu/bsd_x86/orderAccess_bsd_x86.hpp҅᮷ฎᬯ໏ਧԎጱғ
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inline void OrderAccess::loadload()   { compiler_barrier(); }

inline void OrderAccess::storestore() { compiler_barrier(); }

inline void OrderAccess::loadstore()  { compiler_barrier(); }

inline void OrderAccess::storeload()  { fence();            }

inline void OrderAccess::acquire()    { compiler_barrier(); }

inline void OrderAccess::release()    { compiler_barrier(); }

inline void OrderAccess::fence() {

   // always use locked addl since mfence is sometimes expensive

#ifdef AMD64

  __asm__ volatile ("lock; addl $0,0(%%rsp)" : : : "cc", "memory");

#else

  __asm__ volatile ("lock; addl $0,0(%%esp)" : : : "cc", "memory");

#endif

  compiler_barrier();

}

compiler_barrier()  磪ݝӤᶎکฎԅԧ犋狶瞲犤᯿矎牧֕ฎ੒ଫጱฎ绚砺֢牐፡ݝ 
StoreLoad  ฎ贶ᴬ磪硳ጱ牧੒ଫጱฎ fence()҅፡ک fence()  ጱ贶ሿฎአ lock牐ԅࠨአ 
lock 獮ᶎᩂጱ assembler_x86ࣁ   ጱဳ᯽᯾磪᧔ก牐

ԏݸ volatile 牧᮷襑ᥝֵአ StoreLoadݸ稞狕硬ྯࣁᰁݒ   Barrier҅ࣁᥴ᯽ಗᤈਁᜓᎱጱդ
Ꮁ᯾ᚆ፡̶کsrc/hotspot/share/interpreter/bytecodeInterpreter.cpp҅፡کฎಗᤈ 
putfield  ጱ෸狡ইຎ砺֢ጱฎ volatile Ӟӻ StoreLoadےݸ豔ਠԏࣁᰁ牧疰ݒ   Barrier牐౯
ժ鉕胼ತک MonitorExit  ፘ୮ԭ੒ volatile  ጱ豔獈牧ࣁ JSR-133 Cookbook ᯾磪᧔鉑牧ࣁ 
openjdk ጱդᎱ᯾犖胼ತکᦤഝࣁ src/hotspot/share/runtime/objectMonitor.cpp牐

JSR-133 Cookbook 鉕൉ک final 襑ᥝ磪 StoreStoreݸত玕ڡࣁྦྷਁ   Barrier҅ࣁ src/
hotspot/share/interpreter/bytecodeInterpreter.cpp 犖胼ತک牐

鉖᯾ᳯ݈᷌๶ԧ牧ೲ JSR-133 Cookbook Ӥᕳጱࢶ牧ᬳᖅӷ稞 volatile ᰁ豔獈Ӿᳵ犋ᧆአݒ 
ጱฎ StoreStore  牧՗ӤᶎդᎱ፡አጱெԍฎ StoreLoad牐՗ JSR-133 Cookbook Ӥᕳጱހ 
StoreLoadฎ᧔ Store1; StoreLoad; Load2  珀Ԏฎ Barrier ݸᶎጱಅ磪᧛玲砺֢᮷犋胼᯿矎ࣁ 
Store1 獮ᶎ牧ଚ犋ฎՐ瞲ᔲ蚤፳ Store1 ݸᶎጱᮎ稞᧛牧ᘒฎ犋ᓕᵍग़ᬱݝᥝํ᧛ݐ᮷ӧᚆ؉
᯿ഭ̶ಅզ౯ቘᥴ೭ volatile  狕᷶ጱݒᰁ๶᧔牧豔ਠ volatile  ԏݸ牧纷ଧ௛磪礓ӻ֖ᗝտ
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݄᧛鉖ӻ volatile ᰁ牧ಅ犥豔ਠ volatileݒ  Ӟਧ௛੒ଫ፳ StoreLoadݸᰁݒ   Barrier҅ݝ
ฎቘᦞӤਂྲࣁইٟݝ volatile 胼Ծኞ StoreStoreݢᰁ֕՗๶犋᧛ਙ牧鉖෸狡಍ݒ   
Barrier牐୮簁鉖ӻݝฎ౯՗ JDK դᎱӤ޾贶ᴬၥᦶӾ஑کጱᕮᦞ牐

ெԍᥡ疗کӤᶎ᧔ጱٖ਻ฎ犋ฎ፥ጱ珌牫౯ժ襑ᥝ಩ JDK ᖫᎱᕮຎ಑玢ڊ๶牐ݢ犥݇ᘍ鉖缰
෈ᒍ牐ᓌܔ๶᧔磪ӷӻىᲫᅩ物

 貉ۖ Java 纷ଧ෸狡ଃ፳鉖犚݇踞物 -XX:+UnlockDiagnosticVMOptions -XX:+PrintAssembly

 襑ᥝమېဩӥ᫹౲ᖫᦲڊ๶ hsdis҅නࣁ JAVA_HOME  ጱ jre/lib  ӥᶎ

ইຎ耬੝ hsdis 物ک貉ۖ纷ଧ෸狡፡ࣁտڞ 

Could not load hsdis-amd64.dylib; library not loadable; PrintAssembly is 

disabled

ԏݸ౯ժ݄಑玢ԏ獮ၥᦶ False Sharing ֺৼӾդᎱᖫᦲڊ๶ጱᕮຎ牧ݢ犥፡ک࿤ᖫ瞲犤Ӿ牧
ྯ稞ಗᤈਠ豔 volatile  ጱ valueA  ౲ᘏ valueB ᶎ᮷蚤፳ lockݸ   瞲犤牧ֵܨ JIT Օ獈ݸ狅
簁ই種牧࿤ᖫ瞲犤य़膌Ӥ遞犲ԭ物

0x0000000110f9b180: lock addl $0x0,(%rsp)     ;*putfield valueA

                                                ; - 

cn.leancloud.filter.service.SomeClassBench::testA@2 (line 22)

ٖਂ੽ᵑࣁ JVM ጱٌਙଫአ

Atomic ጱ LazySet

蚤 Barrier ፘىጱ鉕Ӟӻ磪఺௏ጱ牧ฎ Atomic ӥጱ LazySet 砺֢牐೭磧ଉᥠጱ 
AtomicInteger  ԅֺ牧᯾ᶎጱᇫா value  ฎӻ volatile  ጱ int҅ฦ᭗ጱ set  疰ฎ贻鉖ӻᇫ
ா狕硬ԅፓຽ꧊牧狕硬ࢩݸԅ磪 Barrier ጱى羬տᦏٌਙ CPU ݢᥠ牐ᘒ lazySet  犌 set  ੒穉
ฎ鉖໏物

public final void set(int newValue) {

    value = newValue;
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}

public final void lazySet(int newValue) {

    unsafe.putOrderedInt(this, valueOffset, newValue);

}

੒ԭ unsafe.putOrderedInt()  ጱٖ਻ Java ਠ獊ဌᕳڊ薹᯽牧֕՗Ⴒے lazySet()鉖ӻۑ胼
ጱ瑿ො物 Bug ID: JDK-6275329 Add lazySet methods to atomic classes҅ᚆ፡ڊ๶ٌ֢አฎ
volatile فٟࣁ  ᇫா獮ीے StoreStore  Barrier牐ਙݝ狒ᦤ๜稞豔獈犋տ᯿矎ک獮ᶎ豔獈ԏ
獮牧֕๜稞豔獈Ջԍ෸狡胼ڬ豔ਂٖکฎ犋狶ᥝ穩ጱ牧՗ᘒฎӞ稞᫷ᰁᕆጱ豔獈砺֢牧ࣁ粬ਧ

࣋ว胼犭玕௔胼牐

ConcurrentLinkedQueue ӥጱἓᑀದ

ᓌܔՕᕨӞӥ鉖ӻἓᑀದ牐穉ইሿࣁ磪 a b c d ࢥӻ volatile :ᰁ牧ইຎ෫ᚏಗᤈݒ 

a = 1;

b = 2;

c = 3;

d = 4;

տྯࣁӻ᧍ݙӾᳵےӤ Barrier牐ፗ矑Ӥᶎ鉖໏豔ݢ胼鉕অ牧᮷ฎ StoreStore  ጱ Barrier҅֕
ইຎٟ volatile  ԏ݈ݸ磪Ӟ犚᧛ volatile  砺֢牧ݢ胼 Barrier 疰տ൉܋ᛗ磧᯿ጱ 
StoreLoad  Barrier҅୏ᲀ੪տஉय̶़ᘒইຎ੒୏তጱ a b c 豔獈᮷ฎአ豔ฦ蝢ݒᰁጱොୗ豔
獈牧ݝ੒磧ݸጱ d አ volatile  ොୗๅ碝牧ࣁݝܨ d = 4獮ଃӤ豔 Barrier҅כᦤ d = 4  ᤩٌ
ਙ CPU ፡ᥠ෸牧a牏b牏c ጱ꧊犖胼ᤩڦጱ CPU ፡ᥠ牐鉖ԍӞ๶疰胼ٺ੝ Barrier ጱ踞ᰁ牧൉
ṛ௔胼牐

JVM ᯾ӤӞᜓՕᕨጱ unsafe  ӥ鉕磪ӻݞ putObject  ጱොဩ牧አ๶贻Ӟӻ volatile ᰁ犥ݒ 
ฦ蝢ݒᰁොୗๅ碝牧ܨ犋ֵአ Barrier牐አ鉖ӻ putObject  疰胼狶کӤᶎ൉کጱ犭玕牐

ConcurrentLinkedQueue  ฎ Java ຽٵପ൉׀ጱ෫ᲁᴚڜ牧ਙ᯾ᶎ疰አکԧ鉖ӻἓᑀದ牐ࢩԅ
ฎ᱾蔭牧ಅ犥᯾ᶎ磪ӻݞ Node  ጱ遞አ๶ਂ硯踞ഝ牧 Node  ᬳ蚏๶疰຅౮᱾蔭牐 Node  ٖ磪ӻ
ᤩ volatile  狕᷶ጱݒᰁ瞲ݻ Node  ਂ硯ጱ踞ഝ牐 Node  ጱ蟂獤դᎱইӥ物

private static class Node<E> {
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    volatile E item;

    volatile Node<E> next;

    Node(E item) {

        UNSAFE.putObject(this, itemOffset, item);

    }

    ....

}

ਙ஑蝢鉑 casݸ๶ڊԅ Node ᤩ຅蝨ࢩ  砺֢ᴚੲ Node  ጱ next  ୚አ矑獈᱾蔭牧矑獈౮ۑԏ
Node ࣁ牧ک಍襑ᥝᤩٌਙ CPU ፡ݸ ๶ጱ෸狡牧ڊ຅蝨ڟ  Node  ٖጱ item  贶ᴬ犋տᤩ犨֜ڦ
ጱᕚ纷ᦢᳯ牧ಅ犥፡ک Node  ጱ຅蝨獢踞ݢ犥ፗ矑አ putObject  ๅ碝 item҅ᒵݸᖅ cas  砺
֢ᴚڜᴚੲ Node  ጱ next  ෸狡ٚ犥 volatile  ොୗๅ碝 next҅՗ᘒଃӤ Barrier҅ๅෛਠ౮
next ݸ  ጱๅ碝۱ೡ Node  ٖ item  ጱๅ碝疰᮷ᤩڦጱ CPU ፡کԧ牐՗ᘒٺ੝砺֢ volatile  
ᰁጱ୏ᲀ牐ݒ

鉖ӻ෫ᲁጱ᱾蔭贶ሿጱἓᑀದ躁ᷢ牧盄ग़贶ሿᕡᜓ盄ᘍḵ੒ volatile  ጱቘ薹牐

ᴻԧ ConcurrentLinkedQueue  ౯ݚӞӻ፡鉑ጱἓᑀದ躁ᷢጱฎ Disruptor҅False Sharing҅
putOrderedXXX҅ putXXXVolatile 犥֢ԅ݇ᘍ፡፡牐ݢᥠ牧ݢ賳ࢥ 

ٌਙ݇ᘍ

 http://www.rdrop.com/users/paulmck/scalability/paper/whymb.2010.07.23a.pdf
 Intel® 64 and IA-32 Architectures Software Developer Manuals | Intel® Software
 Memory Barriers Are Like Source Control Operations
 multithreading - Why is a store-load barrier considered expensive? - Stack Overflow
 Memory Reordering Caught in the Act
 https://stackoverflow.com/questions/15360598/what-does-a-loadload-barrier-really-do
 https://www.infoq.com/articles/memory_barriers_jvm_concurrency
 Mechanical Sympathy: Memory Barriers/Fences
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