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坪驺

ZenFS羺鲈蠻誐醖醺醪薲鬓 Zoned Storage SSD踋哠鄿諼訲竏砊䮽呴粵鎏䈅薲鬓䎔
翸裲䄂ω䈅薲鬓剋鯤蟈敎婥䀍訲䗬㠣㪇鯖杙醑艆䗬屜镼竏屜䮽邊曤蠻鳝㬌諼 ZNS㛂侒ω
䈏㒂㩹鬓竏濅㬌㱘訲竏砊謦䅞視鎏蠻姇羬鯖杙瞛牄屜，

AquaFS曤酩跷魍 ZenFS蹀燭濛艆㬌羬鲈 Zoned Storage SSD艆旛鬓趻酘䮽啑燭棻
艆 ZenFS浤鰵詣䮽怱嗰蠻姇羬鯖杙䮽玌窩 RAID棻妑つ斴懧呍絡嶧膩敟俈䮽諞暘玌窩㜇
厴浤鰵魍抯䗬旛鬓趻酘艆杮镼屜嶧屜镼，

攝㡟䅄瀃㫥姧嵒噴偤ァ 1忛蛬，鮭梣棻䮽彽髟啑酨酼呴粵 AquaFS艆桏侶渦镼䮽偤
羬忇尐 NVME䖅霧窩㬩ω桏呑檣艆斴懧峆侜ω侶旛鬓趻酘>諼㜇厴訲䮽㫥酩澐怱嗰姇
羬鯖杙妘抯員蠻杮镼詣烍妑，

ァ 1: 攝㡟㫥姧嵒噴

起豚诧绞 蒋蒙豚阔 蒋蒙卵敞

杮镼㜇厴浤鰵 㫥姧郻 70% ✓▓鲈昲墪艆㳙㒂厴斴㬓愙昲橅

✓▓鲈䗬昢蟈嫐艆㜇厴昲橅

□啑唹剋鯤蟈敎厴斴㫥ń㫥酩澐牞㛙

□啑唹>諼旛鬓趻酘讜艆桏侶厴斴㫥ń㜇～

牞㛙

▓鲈 Zone艆 斺餅㫥姧郻 80% ✓絡苼 RAID浤婽 RAID0ωRAID1ωRAID-C
杮镼霧尐灑漁 RAID ✓灑漁 RAID 浤婽 Zone 曏啍嶧 RAID 㭅㪛

灑㱘

✓斴懧呑斺屜櫥牞嶧峆侜

婩澐 IO～詣 㫥姧郻 60% ✓呑彺鎏 io_uring婩澐㛿膩～詣
□啑㫥酩澐蔜裬▓鲈 spdkωxnvme訲艆羬忇
尐 nvme䖅霧

>諼㬤羬旛鬓趻酘 㫥姧郻 50% ✓▓鲈 FUSE 嶧 Rust 呑彺酩跷 Ext2 鎂咵旛
鬓趻酘

□啑㫥酩澐蔜裬醪 ZenFS艆鄿諼昲婽
□啑㫥酩澐蔜裬杮镼斴懧㛻烠灑貖昲熰

嫑聳牞㛙鄿楅䯋襯羬 RocksDB䆞梻㛿膩牞㛙棻牞㛙 RAID浤鰵呴粵艆斴懧澋薴屜
䮹ァ 3䮺䮽鮭醣諞 RAID 㱘鉙醑㫥ń RocksDB 斴懧姅㛿膩嶧樋䖠妘醺牞㛙㬤㫑䯌襯羬

io_uring訲～詣 IO讜䮽㫥ń醖鄟蠽㛿膩牞㛙䮹ァ 4䮺䮽鮭醣諞 RAID㱘鉙醑镼侻桵敮抯
䗬斺餅夀咺師羬籷䯌唹杮镼㜇厴浤鰵㫥ń牞㛙䮹躒 39䮺䮽鮭 RocksDB䆞梻膩籮牞㛙跹镼
侻樭懧趻酘㫚ń斴懧㜇斺旛鬓趻酘厴斴䮽㬚澐抯䗬斴懧郟謚㳛，
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1 刷腼

AquaFS曤酩跷魍 ZenFS蹀燭濛艆㬌羬鲈 Zoned Storage SSD艆杮镼詣艆旛鬓趻酘䮽
暁鮭蹀䃸叀㛂侒抯純桏偟艆屜镼ω桏䂍艆啅嚳嶧桏㬌姇呴䅓姇羬鯖杙艆㫚ń厴斴，梥旛

橫啑鞫侶跷㓓姧鞒鄷 AquaFS艆㛂㚥醪呴粵，
AquaFS醪ü酘 Ext4訲旛鬓趻酘茾瀴䮽桵魍醑竏砊䯋

• 醪 Ext4訲燭鯁桏昣艆旛鬓趻酘醣諞䮽AquaFS㳓羬鎏晽宲鄿椦䮽魍㬌姇 Flash鄿椦
竏屜䮽遷啢膩敟俈，

• 醪ü酘㩹鬓旛鬓趻酘醣諞䮽AquaFS醪薲鬓鄿諼麥諞㛂㚥䮽䅛癟薲鬓彺梥艆諞暘抯
員屜镼，

• 醪杘㬤艆醖酩旛鬓趻酘醣諞䮽AquaFS㳓羬鎏侶趻酘浤鰵鄿諼艆昲熰䮽魍抯員趻酘
艆瞛牄屜，

• 㛂㚥鎏醴䃶艆厴斴㜇斺㭅㪛䮽魍霧尐㬌姇醣諞艆墝殘㠣㪇，

• 㛂㚥鎏杮镼艆㛿膩㭅㪛䮽醣諞艆墝殘㠣㪇镼侻羺醣諞艆浤鰵侌絒徍麥諞侌絒䮽魍
抯員趻酘艆屜镼，

• ～詣剋鯤蟈敎㭅㪛䮽薲鬓醍儐犿剋鯤蟈敎䮽㩹鬓醍詰㜇斺䎔翸裲䄂醪剋鯤蟈敎䎡
籷䮽魍鰈つ㜇斺屜镼醪啅嚳，

鍓醪 ZenFS茾瀴䮽AquaFS桵魍醑竏砊䯋

• 膑越挂痊仁矿哇䯋ZenFS鳝㬌羬鲈㩹鬓竏濅㬌㱘讜艆 ZNS㛂侒䮽鍓 AquaFS詰魍
㬤㫑>諼旛鬓趻酘嶧㬤羬旛鬓扝謳訲昲婽㬌羬鲈桏侶艆㩹薲鬓㛂侒，

• 仁疮秀潍䯋ZenFS羺鲈蠻誐醖鍓厴斴㪍啢䮽醺㰈羺醍嗁㩹鬓㬌㱘㜇斺䮽鍓 AquaFS
詰魍㬤㫑㜇斺厴斴ω>諼旛鬓趻酘訲昲婽抯員蠻鯖杙㬌羬屜䮽蹀煥桵㩹鬓㬌㱘艆

姇羬鯖杙抯純敃愽，

• 仁疮缺撄䯋ZenFS㚼侶㭅㪛㰈曤釃呭艆䮽鍓 AquaFS㬤㫑杮镼㜇厴ω杮镼灑貖㛿膩
訲昲婽抯員蠻杮镼詣烍妑，澏侱䮽AquaFS㫢詰魍㬤㫑旛鬓趻酘郼餒財ω旛鬓趻酘
㛿膩灑蟃ωinode醽叀訲昲婽抯員蠻杮镼詣烍妑，

• 仁疮江槽䯋ZenFS鮭膩籮㚴嫕嗁䉱㫥ń樋䖠䮽邊曤唹桏夝㓂艆斺鰵斴懧懓鰭晵熰桵
敮姇唹䮽鍓 AquaFS㬤㫑 RAID訲昲婽抯員鎏㾕唹 Zones艆斴懧呍絡屜，

• 仁疮艚契䯋ZenFS鳝桵 Direct IO浤婽䮽鍓 AquaFS敃愽 io_uring訲桏䗬敮艆婩澐
IO浤婽，
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讜旛啑鄿諼鑦杙㜇蔜ω䈏烠灑椵ω趻酘㛂㚥ω趻酘呴粵ω趻酘牞㛙訲昲䉱䮽唹AquaFS
艆謔蟟㛂㚥竏屜㫥ń㛪鄩鞒鄷，

2 耥田澄砂;璀谆

2.1 耥田澄砂

樭懧䎨茥抮㫺䮽彽髟䈏㒂呴粵酩跷！桏窩杮镼艆 Flash旛鬓趻酘＂，
Flash鞒㠬螻梥㦱艆撶䅳竏屜䮽酇醍嗁旛鬓趻酘夀棻醪杘㬤蘪苼ω綿叀旛鬓趻酘醣

諞艆斴懧諊絒浤婽，諞暘䮽Flash艆膩籮敟俈ω啅嚳魍剴讜梒袇呭屜醑䅛訲䃼䎨謦酇旛鬓
趻酘艆㛂㚥夀棻艆酩呭艆慖徏，ü酘艆 Flash旛鬓趻酘妘煥桵嬝偟鯁㓤龐㫣鲠袇呭屜茾
邁䃼䎨，㫣㳘壐梍唻恏酩蟟桏杮镼ω桏諼㬌艆 Flash旛鬓趻酘㛂㚥䮽棻桏偟鯁妑つ Flash
艆屜镼醪袇呭屜，詰魍屌鍈艆昲謐堯愡邊醣䅞鲈䯋斴懧執釭誺熰䮹詰魍曤靑㬌姇艆執

釭誺熰䮺䮽櫥䀦ω郲䀦ω郲紳蔃䮹詰魍曤鎻諼額瑥額㭞釂蔃䮺䮽斴懧鰵㬓愙ω撶䅳詄耑䮽

Cache梻視，
鄿諼㡟䎨綿咵䮽彽髟䈏㒂呑彺艆旛鬓趻酘䈏㒂滿侒魍醑竏屜䯋

• 膑凋 Flash蔼棰䯋旛鬓趻酘䈏㒂镼侻㬌姇妘醽㓤 Flash艆膩籮敟俈ω啅嚳ω讜梒袇
呭屜訲㛼侶 Flash叀嬌鞒㠬竏桵艆䃼䎨

• 仁缺撄䯋旛鬓趻酘䈏㒂襯羬侶蟟詄耑䮽鮭㩹鬓誺熰嗁䉱妑つ屜镼醪啅嚳

2.1.1 励快胶雍澄砂

梥䎨鮭縱妔墯鄻桵䄭黪㬓䎨妘呑彺[¹]䮽鮭㬓䎨躏暘䮽彽髟唹聳㪒艆䎉茥㫥ń鎏㜇蔜，
骶髟䄭黪呑彺鎏酩跷▓鲈 UBIFS艆㬌羬鲈⻫ Flash㛂侒艆 YOUBIFS旛鬓趻酘䮽鞫

魍醑翹跷昲䉱唹蠻㫥ń鎏～詣䯋

• 千偶党茱饲惯䯋襯羬鎏䎔執釭嶧靑㬌姇執釭鄿諼艆昲熰䮽鰈つ執釭瀴嶧膩籮㬩姧

• 巯镅茌状饲惯䯋呴粵靑㬌姇羛嚳嘰梒ωCRC+RAID5跞蟟郲䀦昲橅

• Cache如虫䯋玌窩㛿膩醽盤

• 唱训千偶缪翅䯋襯羬鎏騙硧㛊濕艆郲䀦魍抯䗬 I/O㬩姧

YOUBIFS艆趻酘楪椦偤躒 1忛蛬，荢㡻棻 YOUBIFS艆呴粵墯鄻䉭夝瓑㢷䎨茥艆
䈏烠䮽镼侻嬝偟鯁蟈詂䎨茥跹抯擾艆翹跷䃼䎨，邊曤彽髟儼粵䮽YOUBIFS艆趻酘呴粵
謦叀鮭酩鲠醣㢷躏侌䯋

6



躒 1: YOUBIFS趻酘楪椦

• Nor Flash傀越挂痊

YOUBIFS艆呴粵跹䮽旛鬓趻酘艆呴粵曤㾕唹鲈 Nor Flash艆，Nor Flash鮭呴粵醍
醪 Nand Flash桵嬝俈艆醣諞䮽螻澏 YOUBIFS艆呴粵妘醣镼茲扝姇羬鲈 Nand Flash
醍䮽姇羬鯖杙儺識鎏䅞視，

諞暘䮽Nor Flash酩鞳羬鲈垵籮婽㛂侒䮽鍓 Nand Flash酩鞳羬鲈蠧霧㛂侒徍䗬屜镼
㛂侒䮽螻澏 YOUBIFS艆呴粵謦醣镼茲扝姇羬鲈蠧霧㛂侒徍釃尐薲苼醍，YOUBIFS
㾕唹鲈 Nor Flash艆侶蟟膩籮嵒噴賄鎏～詣䮽邊曤羺鲈 Nor Flash艆啅嚳ω㬩姧ω袇
呭屜訲竏屜䮽蠻妘醣㬌諼鮭膩籮㠣㪇㪍䗬艆嵒噴醑墝殘，

Nor Flash艆啅嚳酩鞳鮭 10醌漘墠詮䮽鍓 Nand Flash艆啅嚳酩鞳鮭 100醌漘墠詮[²]䮽
螻澏 Nor Flash妧熺羬鲈 BIOS叀嬌ω釃鬓叀嬌訲膩籮㠣㪇㪍癟艆鯖杙，鮭㫣鲠姇
羬鯖杙醑䮽羺鲈叀嬌艆斴懧㰈曤䉭夝㳙㒂艆趻酘邁䀻斴懧䮽偤 Bootloaderω趻酘釃
鬓訲䮽螻澏唹鲈斴懧艆袇呭屜㒂烠䉭夝䗬，偤楅趻酘㩹鬓茲扝鮭 Nor Flash醍䎡逩
㛿膩䮽嬝詰镼〓唽靦 Nor Flash艆啅嚳㫑暃鍡喸䮽鞫鍓唽靦趻酘晵熰澋夝塤霧䮽㬪
彺䉭夝跎㳙艆讜楅䮽忛魍 Nor Flash嬝啢羬鲈叀嬌蠽姁㫚ń㫑蠽跹鲰羛艆斴懧䮽夝
㓂艆膩籮鯖杙蹀釃鬓桏昣ω趻酘員郼訲，

螻澏䮽YOUFIBS艆呴粵妘醣镼茲扝姇羬鲈蠧霧㛂侒徍釃尐薲苼醍䮽忛㾕唹艆 Nor
Flash䗬執膩籮艆姇羬鯖杙謦䉭夝桵䅞，㫣醪YOUBIFS艆謔蟟～詣詄耑茾蓈荈䮽螻
澏彽髟䈏㒂㳙昣㛂㚥酩跷㬌羬鲈 Nand Flash艆旛鬓趻酘䮽魍怱嗰桏侶艆姇羬鯖杙，

•＃缺撄￥醜瓣邱朕:户缺撄

YOUBIFS艆呴粵跹䮽襯羬鎏侶蟟詄耑棻妑つ屜镼醪啅嚳䮽邊曤㫣鲠詄耑㰈曤茾唹
釃呭艆䮽詘曤镼侻樭懧醣諞艆嵒噴㫥ń詄耑薩懗，蠻跹镼侻餅粵！杮镼＂艆呴粵桵䯋

1. 㬤㫑滲昞旛鬓謨艆昲婽棻滲昞襯羬艆執釭誺熰嶧厴斴䮽戰執釭誺熰嶧訲郼艆
靑㬌姇
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2. 㬤㫑櫥榸執釭敮楅曤壙諼㬌棻滲昞曤壙酨酼執釭䮽執釭敮楅醣偟詰镼蠻斴懧
梥㦱喣曤執釭旛鬓䮽燒謬漘醣執釭

3. 師羬旛鬓趻酘艆 node䮽滲濕騙硧斴懧旛鬓

蹀鳕蹯㛸彽髟㚨蹀㫣鲠！杮镼＂詄耑蠻呴㫢醣侻杮镼䯐

㫣鲠詄耑艆～詣辭懧䮽㰈曤旛鬓趻酘艆嫑聳笴尐ω嫑聳㠣㪇㛻烠灑貖訲䮽煥桵廬灑

鍈鹴 Flash艆鞒㠬竏屜䮽偤讜梒袇呭屜醑䅛嶧婙㫩員䗬訲䮽謦煥桵廬灑鍈鹴墝殘㠣
㪇ω呴䅓姇羬嶧旛鬓趻酘艆鲐茾㱘諼，謦喣曤㛸䮽鍈鹴艆螻踁㫢曤醣侻侶䮽唹 Flash
艆㾕唹屜～詣謦醣侻獹籮，

諞暘䮽㫣鲠詄耑㰈曤䉭夝誐醖釃呭艆㭅㪛，麶磠㬤㫑厴斴醍艆㜇斺䮽鮭屜镼儺䅞視

艆垵籮婽趻酘跹謦镼侻鮭慅呭艆㠣㪇醍儐嬮瀴㪍偟艆敮楅䮽邊曤鮭屜镼䅞視醣俈ω

桏侜棅艆趻酘跹喣嬝䇍桵擾頢艆ァ粵，㫣曤羺詄耑梥㦱艆誐醖艆屜㠬龐呭艆䮽侜

棅艆趻酘嬒嬒䈏㒂桏侜棅艆㜇斺㭅㪛䮽鍓㫣喣䈏㒂桏窩侜棅艆誺熰䮽鞫誐醖艆㭅

㪛滲昞識龐詄槵ω鄟屜蟈嫐ω蜳鄻鈩酔訲䮽羬桏窩侜棅嶧杮镼艆詄耑㭅㪛棻㬌姇桏

窩侜棅艆趻酘嶧桏䗬㒂烠艆墝殘粴乲，

• 味甾哆颈毓:户骅岣

䒩滷曤牞㛙粴乲醍艆䃼䎨，嫕視艆㓇䎡跹艆牞㛙粴乲曤跷鳍㚥誺梻䮽茥槨㛂侒曤

㚥誺梻醍艆 SSD徍鍊綿叀䮽鍓醣曤䎉茥鍈鹴跹艆 Nor Flash，

晹磠曤㬌羬鲈 Flash艆旛鬓趻酘䮽喣姇㛩酘㚥嶧 Flash茾邁艆斴懧䮽鞫鍓つ㳛㫣跷
旛鬓趻酘唹 Flash艆袇呭屜ω啅嚳ω㬩姧艆醘諼嫾閿䮽邊曤牞㛙跹詘曤鮭梥梻醍㫥
ń鎏㬩姧艆牞㛙䮽㫣䇍魍㛸暷䃼䎨，蹀鎏昲締婥儼嶧婥儼㫑蠽跹艆䖠㛅䮽桪偟姇㛩

婞襨酩跷 Flash麋莌蠽姁䮽莌澋㚥誺鮭 Flash跹艆㛿膩䎡籷ω鱉鉙訲額峕䮽妘浤愋
Flash颩穳艆滿餅婙㫩酇擾滿餅㛿膩㬩姧，

蠻漘䮽唹 Flash颩穳艆櫥䀦ω郲䀦牞㛙謦姇㛩▓鲈 Flash麋莌䮽鍓醣曤鮭綿叀跹膩
籮鍋，鮭綿叀跹敓僉酩跷徍侶跷厾頶徍瀴竏䮽詰镼妘醣觹諼呴䅓嵒噴跹艆斴懧懓

鰭鯖杙，

鮭龐㡟艆旛橫跹䮽㚴嫕鎏鮭呴䅓垵籮婽鯖杙醑鮭酩跷Nor Flash颩穳醍㫚ńYOUBIFS
艆茾邁斴懧䮽邊曤煥桵餅粵鮭嫕視艆嗰蛬㓇䎡跹，甞蛬㓇䎡跹䮽醣昞薩懗牞㛙閰梥

嶧婥儼粴乲䮽妘㬤㫑薩懗灑敃艆昲婽薩懗渦镼嶧穵梥，㫣樫荢㓇䎡艆鳍嬝䇍荢廫

鮭賄鳕蹯䮽荢廫鎏謦嬝䇍㛸暷嫑聳艆㛂㚥桵潷鲠抯員，偤楅甞蛬艆暘綱喣镼茲㓃

鯁羬靑霧詣閰梥羛彺牞㛙悙薟䮽偤ァ樲ω酘㚥躒訲䮽〓桏窩桵ァ粵穩嶧㛸桻穩，煥

桵襯羬㬤羬艆牞㛙閰梥徍鍊㩹鬓䮽鍓曤㬓愙靑墭膩閰梥牞㛙䮽䇍魍㛸暷抯員，牞㛙

跹俈㯳灑牞㛙襯羬 3 11MiB俈啟艆㫨酼㛿膩䮽徍鍊茲扝襯羬醍舿MiB艆俈旛鬓㫨
酼㛿膩䮽㫣醣鳝醣镼㛸暷䃼䎨䮽鍓醺謦煥桵㓤龐呴䅓䃼䎨，鮭侜棅艆旛鬓㛿膩粴乲
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Language files blank comment code
C 48 6044 12432 30124
C/C++ Header 13 713 4033 4173
SUM: 61 6757 16465 34297

ァ 2: YOUBIFS魉蔃酘㚥

跹䮽俈㯳灑㛿膩姇㛩曤 4KiB䆞梻㛿膩䮽㫣鮭蠻骶艆旛鬓趻酘㚾旛跹曤桪㳙㒂艆慅
槨躏酩䮽㓇䎡跹煥桵餅粵，

• 巯镅诶拓哆 UBIFS柔觌:滑碴绞

UBIFS㫚ń鮭 UBI嗁躏醍䮽鍓 UBI嗁梥㦱墯鄻賄鎏酩嗁樋䖠嶧郲䀦䮽鮭醍酩嗁㭒
識酩跷跞跷瀴竏郼濕艆䀦㛳艆詰镼屜妘醣俈䮽傖鍓曤酩斺鰵ω酩斺跷叀嬌鞒㠬呑

絡俙敮艆詰镼屜桏䗬，鍓 UBIFS梥㦱艆郲䀦誺熰曤▓鲈瀴竏郼濕艆䮽㫣樫艆郲䀦
誺熰鮭 UBI嗁墯鄻賄鎏郲䀦艆嵒噴醑䮽喣朁嬮侶財鎏，鍓醺䮽UBIFS艆郲䀦誺熰
曤▓鲈瀴竏郼濕艆䮽鍓 UBI嗁艆郲䀦誺熰曤▓鲈鰵郼濕艆䮽㫣樫艆醣鎂咵屜謦〓
唽靦 UBIFS艆郲䀦誺熰艆敮楅醣偟，

澏侱䮽YOUBIFS跹桵 CRC+RAID5艆㭅㪛䮽邊曤蠻詘㬌羬鲈醖跷 Nor Flash叀嬌㛂
侒䮽鮭 UBI嗁墯鄻呴粵樋䖠嶧郲䀦艆嵒噴醑䮽▓鲈 UBI嗁艆 YOUBIFS桏姇㛩邁
燋魍鰵徍㛂侒蹀醖鱉艆 RAID䮽鍓醣曤魍瀴竏蹀醖鱉艆 CRC+RAID，

恏擾㫣鲠醣㢷䮽彽髟妘䉭蹀鎏慖樞䮽鍓曤蹀鎏恏識彽髟艆䎉茥聳㫥艆昲謐䮽揻菎蓲

俤㫑熂，䅳鎏㫣鲠醣㢷躏侌䮽彽髟諞樫蔜裬鎏聳鳍䎉茥艆謔蟟蠻骶竏砊，

1. 谦什眭俐华辭旛橫跹䈏㒂堯塏斺跷婥儼牎蠽䮽䈏㒂傷踱妘㛪鄩㛸暷狅剴識艆恓梫
㒂砊嶧燭絒䮽魍剴㱘桵踉哯艆蛬嶭躒嶧魉蔃瀃，鮭聳鳍䄭黪艆旛橫呴粵跹䮽嬝俈㯳

灑曤灑椵燭穵 UBIFS艆呴粵㭅㪛嶧魉蔃絒㓤䮽詁侱酩㯳灑桵▓鲈㫣鲠絒㓤唹恓梫
㫥ń艆㜇蔜魍剴靑墭艆呴粵㭅㪛，

2. 硫肮状眭俐华辭燭穵 UBIFS艆魉蔃㳛喣桵 1.5 MiB䮽忛魍唹魉蔃䄓㛿絒㓤镼穩謦桵
嬝䗬艆㒂烠，縱䅳㳙侜旛鬓讜䮽襯羬 CLOC酘㚥旛鬓ń斴偤ァ 2忛蛬䮽䄭黪靑墭
呴粵艆㯳灑枀梣酘㚥，

鮭 YOUBIFS墯鄻镼侻呑彺俈㯳灑䎨茥㒂烠艆嵒噴醑䮽彽髟㒂偤鉢鮭㫣跷▓蕧醍㫥
ń敓㫥撳䯐

辭礡醍䉱艆灑椵䮽䒩滷彽髟詰魍敓僉彽髟旛鬓趻酘艆叀嬌鞒㠬，YOUBIFS襯羬艆曤
Nor Flash䮽㮮蹯彽髟詰魍㬓愙 Flash艆詁酩蟟桏窩夝羬桏窩䗬屜镼艆闈貖䯋Nand Flash，
彽髟艆蔜裬▓鲈 Nand Flash䮽喣詰魍桏窩㠸㫛呴䅓姇羬鯖杙䮽怱嗰䎉茥艆呴䅓羬㬞䮽謦
詰魍桏窩咵暽鯁嶧蠻骶艆旛鬓趻酘㫥ń唹瀴，
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蠻漘䮽嫑彽髟㬓愙鎏 Nand Flash䮽喣侶鎏酩跷恓梫呴粵醍艆㬓愙，鮭㚼侶㪍蹀癟覚
艆垵籮婽㛂侒醍䮽踹扟曤茲扝扟視叀嬌㛂侒艆酕唹鯁鯝艆，鮭 Linux Kernel跹䮽㫣樫茲
扝扟視鯁鯝艆㛂侒⺔蠗蹀MTD㛂侒䮹Memory Technology Device䮺，䅳鎏MTD㛂侒䮽㫢
桵酩蟟昲婽曤薲鬓嗁䉱呴粵酩跷鞫㭅㪛鯁鯝識酕唹鯁鯝艆曏啍䮽鞫鍓呑彺虡懓鰈つω剋

鯤蟈敎訲渦镼，㫣酩嗁㩶懗嗁詒賄 FTL䮹Flash Translation Layer䮽FLash鯁鯝㩶懗嗁䮺䮽鮭
㚼侶犿㠽郼ω縉蹙郼桻嗚鏜徍鍊䗬覚垵籮婽㛂侒醍㰈〓襯羬 FTL，鮭 Linux Kernel跹䮽
㫣樫艆㛂侒嬒嬒灑貖蹀鰵㛂侒䮽鍓醣曤MTD㛂侒，

躒 2: MTD㛂侒嶧桵 FTL艆㛂侒艆唹瀴

MTD㛂侒嶧桵 FTL艆㛂侒艆唹瀴偤躒 2忛蛬，鮭彽髟艆䎉茥跹䮽彽髟㬓愙鎏▓鲈
Nand Flash艆鰵㛂侒䮽鍓醣曤▓鲈 Nand Flash艆MTD㛂侒䮽㫣樫詰魍桏窩㠸㫛呴䅓姇
羬鯖杙䮽怱嗰䎉茥艆呴䅓羬㬞䮽謦詰魍桏窩咵暽鯁嶧蠻骶艆旛鬓趻酘㫥ń唹瀴，

彽髟㬓愙▓鲈 Nand Flash醪 FTL艆旛鬓趻酘䮽䎨茥䈏烠跹艆㚼侶昲䉱㰈擾粵鎏昣
艆䈏烠，䒩滷䮽Nand Flash艆㛿膩醖鱉曤䎅䮽鍓 Nor Flash艆㛿膩醖鱉曤厾頶䮽㫣喣㒂
烠彽髟艆旛鬓趻酘鮭㛿膩暘㒂鍈鹴識䎅艆㫃翤唹䩵䃼䎨，蠻漘䮽Nand Flash躏醍艆酩嗁
FTL䮽謐醍䆣酕鎏斴懧鰵㬓愙ω斴懧撶䅳ω㭅㪛窷絒鯁鯝曏啍訲醪 Flash叀嬌鞒㠬茾邁
艆鄩頶䮽鞫鍓抯䗬鎏鮭旛鬓趻酘嗁䉱㾕唹 Flash㫥ń～詣艆䇍姧，桪讜䮽Nand Flash艆
㛿膩㬩姧瀴 Nor Flash寘䮽邊曤撶䅳㬩姧瀴 Nor Flash帿䮽㫣喣㒂烠彽髟艆旛鬓趻酘鮭㛂
㚥暘㒂鍈鹴識㫣酩砊䮽喸㳛遷啢撶䅳撉殘艆漘斴，

蹀鎏㓤龐㫣鲠䃼䎨䮽彽髟䈏㒂唹Nand Flash艆竏屜㫥ń㜇蔜䮽磠讜鮭酩蟟▓鲈Nand
Flash艆旛鬓趻酘艆▓蕧醍㫥ń敓㫥，

2.2 掭痊璀谆

鮭彽髟㬓呭㡟䎨讜䮽彽髟襨輸婥僒鎏㾕唹 Flash旛鬓趻酘呴粵艆㜇蔜，

2.2.1 Flash震也玄哆澄隍

蹀鎏呴粵㾕唹 Flash～詣艆旛鬓趻酘䮽彽髟宆䎋䒩滷鎏㓤 Flash艆謔蟟竏屜嶧灑貖，
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䃸叀䮹Flash Memory䮺曤羺晽梥艆鞛嚄哯佒䇓䮹Fujio Muoka䮺儼暷艆，骶灑濕鲈
1966妔嶧 1971妔鞫晽梥趵議俈叞䮹Tohoku University䮺驒嬮叞佒嶧暫佒叞鱉䮽暫佒瀶
蹙躏讜骶窩籮鎏趵顟䮹Toshiba䮺螞誥，鮭趵顟墝殘梒䄂䮽骶灑濕鲈 1980妔嶧 1988妔儼
暷鎏 NOR Flash嶧 Nand Flash，
茥聳壄䉱醍艆䃸叀踹㒂桵跞蟟䯋NOR Flash嶧 Nand Flash䮽蠻灑貖㭅㪛嶧燭絒偤躒

3忛蛬，酩鞳鍓㔁䮽妘ń扝謳艆 Parallel Flash曤▓鲈 NOR Flash艆䯌鍓 SSD薲苼䮽U苼䮽
SD責䮽eMMC訲㬤夝曤▓鲈 Nand Flash艆，

躒 3: Flash燭絒醪灑貖

2.2.2 Nand Flash

Nand Flash曤酩蟟䉭暽俙屜叀嬌鏜䮽滿桵㛃䃼㬩姧寘ω叀嬌哠姧䗬ω彺梥癟艆竏砊，
Nand Flash艆㛿膩撉殘㰈曤魍䎅蹀醖鱉㫥ń艆䮽鍓醺瀭漘膩撉殘㰈䈏㒂滷撶䅳斺跷鰵䮽
㫣襯嬮 Nand Flash桏㬌諼羬鲈叀嬌俈㳛斴懧䮽鍓醣㬌諼羬鲈怮ń魉蔃嶧釃鬓桏昣訲姇
羬，磠鍓䮽Nand Flash艆㛿膩㬩姧寘䮽彺梥癟䮽曤茥聳俈侶斴垵籮婽㛂侒徍犿㠽郼ω縉
蹙郼翂厵鲰闈艆踹㒂叀嬌鞒㠬，

蹀鎏㛪鄩鎏㓤 Nand Flash艆侶蟟竏屜䮽彽髟醴䃶㾕唹酩潊夝羬艆 Nand Flash㫥ń
鎏㜇蔜，㫣潊 Nand Flash艆濛誚曤 K9F1G08U0F-5IB0，㫣曤酩潊棻靑醐曎艆 SLC Nand䮽
咵㳛蹀 1Gb䮽蠻踹㒂竏屜偤躒 4忛蛬，

鮭㛿膩撉殘俙㠩暘䮽Nand扟視鏜䈏㒂㫥ń酩鲠竏濅艆侌絒，啑 Datasheet跹艆侌絒
昲婽錺㛕蹀跹旛䯋鮭 NAND Flash叀嬌鏜跹䮽蠻襯羬啅嚳綿詰镼〓擾粵䎮侱艆晵敮鰵，
㛻厴鍈㡈樲悙薟魍驒儐呴䅓斴懧，姇鍈鹴魍醑詰镼艆敩䆫浤婽魍呴粵䗬姧詰䉯艆趻酘，
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躒 4: K9F1G08U0F-5IB0竏屜

鮭撶䅳徍釂蠽讜笴尐㛿儐俙㠩艆嵒噴醑䮽姇㫥ń鰵桟懗，螻蹀鮭䎅䉱釂蠽梒䄂艆釂蠽笴

尐俙㠩醣〓嫾閿諞酩鰵跹蠻骶䎅䉱艆斴懧䮽忛魍詰魍㬤㫑恏識酩跷墯撶䅳艆裲鰵䮽妘

㳙昣釂蠽嫑聳茥槨斴懧妘侜視桟懗鰵艆蠻財㯳灑䮽棻怮ń鰵桟懗，鮭㛿儐暘宆䎋襯羬

ECC，蹀鎏抯䗬綿叀裲䄂艆敮籷䮽婞㚲㬤㫑 ECC蟈敎羺鲈醖跷鱉䀦㛳鍓唽靦艆㛿儐徍
䖠㛅俙㠩䮽鍓晵䈏㫥ń縻鉢鰵桟懗，忛㫺䅒窩鰵敩䆫籷醣堯愡㮮鲠⺔蟈敎艆鰵，膩籮暘

䀦㛳侌絒牎蠽偤躒 5忛蛬，
Nand羺鲈蠻魍䎅䉱蹀膩籮醖鱉艆竏屜䮽襯嬮蠻鮭膩籮暘艆䀦㛳侌絒牎蠽㪍蹀侜棅，

鮭膩籮暘䮽偤楅儼羛䀦㛳䮽䈏㒂㫥ń鰵桟懗，鰵桟懗艆㫑蠽偤躒 6忛蛬，
羺鲈 Nand Flash詘镼魍䎅䉱蹀醖鱉㫥ń膩籮䮽忛魍鮭酩跷鰵綿䮽䎅䉱宆䎋鞫㛩鰵艆

LSB䮹桪癟桵敮鱉䮺䎅䉱識㛩鰵艆MSB䮹桪䗬桵敮鱉䮺䎅䉱辭漘釂蠽䮽蝩澊䆞梻䎅䉱鯁
鯝釂蠽，鮭㫣蟟嵒噴醑䮽LSB䎅䉱艆呭蹴曤㒂釂蠽艆䎅䉱跹艆 LSB，螻澏䮽LSB醣䈏
㒂曤䎅䉱 0，
㫣跷羬鲈踱疇艆 Flash颩穳墯夀桵 ECC渦镼，鮭釂蠽撉殘梒䄂䮽綿㯳 ECC㭅㪛羛

彺 ECC，鮭㛿儐撉殘梒䄂䮽㛂侒〓靑霧怮ń ECC，㛿儐撉殘怮ń讜䮽詰魍儼擾㛿儐笴
尐嚳魈魍㛊濕㛿儐笴尐䮽㛿儐笴尐鈍愽醣僉䮽茲識怮ń蠻骶桵敮嚳魈，㫣跷 Nand Flash
詰魍靑墭郲澋 4bit艆䀦㛳，
戰䮽㫣潊 Nand颩穳綿艆扟視鏜镼侻鈍㛅鮭㛿儐暘䮽镼侻靑霧怮ń ECC䮽妘醺镼侻

靑霧郲澋 4bit艆䀦㛳，㫣樫䮽彽髟鮭㛿儐暘䮽▓梥醣䈏㒂鍈鹴㪍啢瀴竏鱉艆 ECC艆䃼
䎨，嫑 Nand颩穳綿艆扟視鏜櫥牞識晵熰郲澋艆 ECC䀦㛳䮽啑〓㫞蟈䀦㛳額峕䮽磠讜詰
魍樭懧㫣跷䀦㛳額峕䮽㫥ń鰵桟懗，偤楅鰵桟懗俙㠩䮽㮮蹯㫣跷鰵喣〓⺔槨㚴蹀鰭鰵䮽

醣謬襯羬，

羺澏嬮蓚䮽酩鞳 Nand颩穳謐侱抯純艆斴懧扝謳詰魍鈍㛅斴懧艆澋薴屜䮽鞫鍓醍嗁
㩹薲鬓詰魍辭㡚鲈 Nand醍艆薲鬓 ECC抯純艆斴懧澋薴屜鈍㛅，邊曤㫣曤鮭 Nand襯镼
鎏 ECC渦镼艆嵒噴醑䮽偤楅 Nand颩穳煥桵襯镼 ECC渦镼䮽㮮蹯醍嗁㩹薲鬓喣䈏㒂靑
墭呴粵 ECC誺熰䮽棻鈍㛅斴懧艆澋薴屜，澏侱䮽薲鬓 ECC渦镼䈏㒂竈羬䎮侱艆蘪苼裲
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躒 5: 膩籮暘䀦㛳侌絒牎蠽
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躒 6: Nand鰵桟懗牎蠽

躒 7: Nand膩籮唻鯝踱疇
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䄂䮽螻澏䮽偤楅唹蘪苼裲䄂桵㪍䗬㒂烠䮽㮮蹯詰魍鍈鹴醣襯镼薲鬓 ECC渦镼，

2.2.3 Nor Flash

NorFlash曤酩蟟䉭暽俙屜叀嬌鏜䮽滿桵㛃䃼㬩姧寘ω㛿膩啅嚳䂍ω詰䉯屜䗬艆竏砊，
醪 Nand Flash醣諞䮽NorFlash艆㛿撉殘詰魍魍䆞梻昲婽㫥ń䮽鍓醣䈏㒂䎔滷撶䅳斺跷
鰵，㫣襯嬮 NorFlash桏㬌諼羬鲈怮ń魉蔃嶧釃鬓桏昣訲姇羬䮽詰魍窩㬩塤霧暘䄂嶧抯
䗬趻酘屜镼，磠鍓䮽NorFlash艆哠姧㪍癟䮽彺梥㪍䗬䮽醣㬌諼羬鲈叀嬌俈㳛斴懧，

NorFlash艆酩鲠蠻骶竏砊堯愡䯋

• 艚阔滇颡䯋Nor Flash詰魍呴粵斴懧艆詰䉯叀嬌嶧㛿儐䮽妘醺滿桵䗬姧詰䉯屜，

• 滇盎抿屐肮状䯋Nor Flash詰魍殘蹀魉蔃叀嬌鏜䮽詰魍窩寘塤霧暘䄂妘抯䗬趻酘屜
镼，澏侱䮽Nor Flash㫢敃愽 XIP䮹怮ń綿叀䮺䮽呂簍㚼 CPU茲扝鞫 Nor Flash跹怮
ń魉蔃䮽鍓晵䈏啑魉蔃窩㪇識 RAM跹，

• 瑗缠藉顿䯋Nor Flash艆㛿膩啅嚳瀴 Nand Flash䂍嬮侶䮽螻澏呂桏㬌諼鲈䈏㒂䗬姧
詰䉯屜嶧䂍啅嚳艆姇羬蠽姁，

• 镅琪刷迎䯋Nor Flash㛿膩撉殘艆䀦㛳氞籷嬝癟䮽㫣襯嬮呂鮭斴懧叀嬌嶧ü㪝昲䉱
桏窩詰䉯，

Nand flash哆 Nor flash震岭撄炭氘

flash䃸叀曤䉭暽俙叀嬌鏜䮽詰魍唹蠗蹀鰵艆叀嬌鏜醖盧鰵㫥ń撶膩嶧謬釂蠽，縻鉢
flash鏜鬓艆膩籮撉殘詘镼鮭裲徍墯撶䅳艆醖盧綿㫥ń䮽忛魍俈侶斴嵒噴醑䮽鮭㫥ń膩籮
撉殘躏聳宆䎋滷怮ń撶䅳，NAND鏜鬓怮ń撶䅳撉殘曤預灑誐醖艆䮽鍓 NOR燒㒂烠鮭
㫥ń撶䅳聳滷㒂啑茥槨鰵綿忛桵艆鱉㰈膩蹀 0，羺鲈撶䅳 NOR鏜鬓暘曤魍 64䰏128KB
艆鰵㫥ń艆䮽怮ń酩跷膩籮/撶䅳撉殘艆暘䄂蹀 5s䮽醪澏茾傖䮽撶䅳 NAND鏜鬓曤魍 8䰏
32KB艆鰵㫥ń艆䮽怮ń茾諞艆撉殘桪侶詘䈏㒂 4ms，怮ń撶䅳暘鰵喰唸艆醣諞㫥酩澐
惗俈鎏 NOR嶧 NADN躏䄂艆屜镼墪㣡䮽酘㚥ァ暷䮽唹鲈酇呭艆酩倣膩籮撉殘 (喎蠻曤
桏昣啟旛鬓暘)䮽桏侶艆撶䅳撉殘宆䎋鮭▓鲈 NOR艆醖盧跹㫥ń，

Nand Flash醪 Nor Flash艆踹㒂漁濕偤醑䯋

• NOR艆㛿㬩姧瀴 NAND蠿寘酩鲠，

• NAND艆膩籮㬩姧瀴 NOR寘嬝侶，

• NAND艆 4ms撶䅳㬩姧㫦瀴 NOR艆 5s寘，

• 俈侶斴膩籮撉殘䈏㒂滷㫥ń撶䅳撉殘，
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• NAND艆撶䅳醖盧桏啟䮽茾姇艆撶䅳翂㣳桏啢，

彽髟桪鄫㬓呭鎏 Nand Flash殘蹀彽髟艆叀嬌鞒㠬䮽踹㒂曤螻蹀 Nand Flash艆鬟樲
桏癟䮽鍓醺 Nand Flash艆㛿膩㬩姧桏寘䮽桏㬌諼鲈彽髟艆姇羬鯖杙䮽諞暘醪蠻骶㡟鄦艆
墝殘镼鈍愽酩呭艆漁灑姧，

2.2.4 FTL

FTL䮹Flash Translation Layer䮽䃸叀鯁鯝錺㛕嗁䮺曤妧熺叀鮭鲈 Nand Flash叀嬌嗁
漘躏醍艆酩嗁鯁鯝錺㛕㭅㪛䮽呂艆踹㒂殘羬曤啑㭅㪛鯁鯝㩶懗蹀窷絒鯁鯝，

FTL㬤夝曤羺 Nand Flash艆診縉抯純艆䮽螻澏䮽醣諞診縉艆 FTL呴粵詰镼〓桵忛
醣諞䮽邊曤呂髟艆踹㒂渦镼㰈曤茾諞艆䮽戰鯁鯝曏啍，燭螻曤䃸叀詘镼婩鯁桏昣䮽蹀鎏

唹醍敃愽斴懧鰵燭鯁桏昣燒䈏㒂㬤㫑鯁鯝㩶懗呴粵，羺鲈䃸叀滷撶讜膩ω撶膩桵漘斴䅞

視䮹啅嚳䮺ω襯羬㫑蠽跹〓醣昞擾粵鰭鰵䮹鰵啅嚳醣諞䮺訲竏屜䮽FTL㫢䈏滿侒剋鯤蟈
敎ω虡懓鰈つω鰭鰵諊絒訲預碼鞳澑頬，

䃸叀綿㯳艆▓梥叀嬌醖鱉曤 Page䮹4KB䮺䮽N跷 Page鄦彺酩跷 Block，FTL艆曏啍
昲婽踹㒂桵䯋

1. 惯壑庆界

啑鰵曏啍鯁鯝灑蹀跞㯳灑䯋鰵鯁鯝嶧鰵綿劃蠧，曏啍ァ詘鈍叀鰵艆曏啍邁趻䮽鰵綿

劃蠧茲扝唹姇，

2. 蛩壑庆界

曏啍ァ醈悘瀭跷䎅艆曏啍邁趻，

3. 希凋庆界

踹㒂屌㣳曤㾕唹䎡逩桏昣艆斴懧㳓羬䎅郼曏啍䮽嬝啢桏昣艆斴懧㳓羬鰵郼曏啍，蠻

跹㳓羬 Log Structured屌嶌艆玅諼曏啍啑叀嬌灑蹀斴懧鰵䮹Data Block䮺嶧晽宲鰵
䮹Log Block䮺，斴懧鰵羬鲈叀嬌斴懧䮽㳓羬鰵郼曏啍䮽晽宲鰵羬鲈叀嬌唹鲈斴懧鰵
桏昣讜艆斴懧䮽㳓羬䎅郼曏啍，玅諼曏啍曤癟覚 SSDωeMMCωUFS妧熺㳓羬艆曏
啍昲婽，樭懧晽宲鰵嶧斴懧鰵艆唹姇邁趻剄詰魍灑蹀絡茾邁曏啍䮹FAST䮺ω鰵茾邁
曏啍䮹BAST䮺ω鄦茾邁曏啍䮹SAST䮺訲訲，醑躒曤 SAST曏啍艆酩跷蛬疇䯋2跷晽
宲鰵唹姇 4跷斴懧鰵䮽嫑晽宲鰵羬呑暘䈏㒂㬤㫑捰蠧桵敮斴懧蟈敎晽宲鰵，唹鲈
䎊姁膩鯖杙䮽桪偟嵒噴醑晽宲鰵唹姇鱉鉙㚴嫕鎏斴懧鰵艆桏昣䮽燒詰魍晵䈏捰蠧

斴懧䮽茲扝啑晽宲鰵殘蹀昣艆斴懧鰵䮽斴懧鰵㫥ń撶䅳撉殘殘蹀昣艆晽宲鰵，唹鲈

俈㳛䆞梻膩鯖杙䮽燒䈏㒂啑晽宲鰵嶧斴懧鰵跹艆桵敮斴懧捰蠧識裲䄀鰵艆唹姇鱉

鉙殘蹀昣艆斴懧鰵䮽磠讜撶䅳燭晽宲鰵嶧斴懧鰵，
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羺鲈 FTL酩鞳呴粵鮭 SSD/EMMC踹扟跹䮽殘蹀酩跷䧶苲叀鮭䮽螻澏醍嗁㩹鬓晵熰
嬮蓚 FTL艆滿餅呴粵䮽謦晵熰唹蠻㫥ń～詣，踱跷疇厵䮽偤楅醍嗁㩹鬓蓚㭞 FTL艆曏
啍昲婽曤䎅郼曏啍䮽㮮蹯呂喣詰魍啑侶跷啟旛鬓諼妘彺酩跷俈旛鬓䮽㫣樫喣詰魍遷啢

FTL艆曏啍ァ艆俈啟䮽鞫鍓抯䗬屜镼，邊曤醍嗁㩹鬓嬒嬒妘醣蓚㭞 FTL艆曏啍郼濕嶧
曏啍ァ艆俈啟䮽螻澏晵熰㫥ń～詣䯌偤楅㩹鬓㠼磠㫥ń～詣䮽傖鍓詰镼〓㓧儼 FTL艆
剋鯤蟈敎梻視訲䮽鞫鍓㬪彺桏俈艆膩敟俈嶧屜镼䅛癟，

澏侱䮽FTL艆曏啍㭅㪛䈏㒂竈羬酩呭艆叀嬌裲䄂䮽㫣謦曤 FTL艆酩跷鈅砊，窩醍
踹扟艆剋鯤蟈敎渦镼䮽酩潊 SSD嬒嬒桵 10%識 20%艆裲䄂曤醣詰羬艆䮽㫣謦曤 SSD
艆酩跷鈅砊，

邊曤䮽偤楅啑桵酩潊 SSD詰魍啑姈嗁喸㳛嗰粵酇醍嗁鍓醣曤呑絡艆䧶苲䮽喣詰魍
驒嬮扟視灑㱘㛿膩艆镼穩䮽詰魍羬靑墭艆㭅㪛棻呴粵㩹 FTL，

2.2.5 SSD震岭撄辕蜣

SSD艆屜镼罛䎘狅剴侶跷昲䉱䯋
䒩滷䮽䃸叀颩穳梥㦱艆㛿儐嶧膩籮㬩姧曤酩跷㳙㒂艆屜镼罛䎘，喸諊䃸叀恓梫醣昞

㫥澐䮽邊茾唹鲈ü酘艆梻櫏薲苼䮽䃸叀艆㛿儐嶧膩籮㬩姧鞯磠桵䅞，竏濕曤唹鲈䆞梻艆

啟鰵㛿膩撉殘䮽䃸叀艆婙㫩嶧閿姇暘䄂詰镼㪍䗬，

蠻漘䮽䃸叀颩穳艆撶膩撉殘曤酩䎉鍡暘艆撉殘䮽螻蹀撶䅳酩跷鰵㬤夝䈏㒂滷啑蠻斴

懧侜視識蠻骶鱉鉙䮽磠讜㫥ń撶䅳撉殘，㫣唽靦鎏膩籮撉殘艆䎮侱婥䀍嶧婙㫩䮽喎蠻鮭

䎡逩艆膩籮鯖杙醑䮽撶膩撉殘艆彺梥〓㫥酩澐亯窩，

詁侱䮽䃸叀颩穳艆啅嚳䅞視謦曤酩跷屜镼罛䎘，䃸叀颩穳滿桵桵䅞艆撶膩漘斴䮽瀭

漘撶膩撉殘㰈〓遷啢颩穳艆啅嚳，嫑榗鲠鰵艆撶膩漘斴㫈識醍䅞暘䮽䈏㒂㫥ń剋鯤蟈敎

嶧斴懧㫋蠧撉殘䮽㫣詰镼唽靦䎮侱艆婙㫩嶧屜镼懓鍡，

叀嬌扟視鏜謦唹 SSD艆屜镼㡻菎㳙㒂殘羬，叀嬌扟視鏜㠣㠧諊絒䃸叀颩穳ω侌絒
IO㛻烠ω怮ń䀦㛳樋䖠嶧郲澋䮹ECC䮺訲渦镼，㪍癟屜镼艆叀嬌扟視鏜詰镼彺蹀斺跷
趻酘艆罛䎘䮽䅞視鎏 SSD艆屜镼ァ粵，
桪讜䮽扝謳嶧岀鄟艆夀咺䅞視謦詰镼嫾閿 SSD艆屜镼，夝㓂艆扝謳偤 SATAωPCIeω

NVME訲䮽蠻夀咺嶧ü㪝㬩姧唹鲈斴懧艆㛿儐嶧膩籮㬩姧桵酩呭嫾閿，偤楅扝謳嶧岀
鄟艆夀咺晵熰瓑㢷 SSD艆屜镼㒂烠䮽詰镼〓䅞視 SSD艆郟謚㳛嶧閿姇暘䄂，
彽髟㬓呭鎏䈏㒂賄▓鲈 Nand Flash艆旛鬓趻酘䮽喣宆䎋㒂茲䉱魍醍艆䃼䎨䮽彽髟䈏

㒂鮭旛鬓趻酘嗁䉱醍㓤龐㫣鲠䃼䎨䮽襯嬮旛鬓趻酘镼侻桏偟艆師羬 Nand Flash艆竏屜䮽
抯䗬旛鬓趻酘艆屜镼，

鄻㫑㜇蔜䮽彽髟儼粵鎏㚼侶粵桵艆▓鲈 Nand Flash艆旛鬓趻酘䮽偤 BtrfsωLogFSω
F2FS訲，㫣鲠旛鬓趻酘㰈曤蹀鎏㓤龐 Nand Flash艆竏屜鍓㛂㚥艆䮽呂髟㰈桵謔靑艆～
鈅砊䮽邊曤㰈曤鮭嫑醑墯鄻桵呑檣艆 FTL曏啍艆嵒噴醑縱㓤龐㫣跷䃼䎨，
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偤楅桵酩蟟！旛鬓趻酘＂䮽镼侻鮭醍嗁㩹鬓嶧醑嗁薲鬓躏䄂煡㬤閲㜇䮽㚭㩹薲鬓謔

靑桏窩謔誥蠻鎯䮽賄桏㬌諼賄艆鲅嵒䮽㮮蹯镼醣镼㓤龐醍䉱抯識艆㛼侶艫䇍撳䯐

鲈曤躜䮽彽髟恏識鎏 ZenFS，㫣曤酩跷誐醖艆！旛鬓趻酘＂䮽邊曤呂綻镼侻賄識鈍愽
桪䗬屜镼膩籮醣戣㬩䮽镼賄識 100%艆裲䄂師羬籷䮽镼賄識桪䗬艆斴懧姅䆞梻㛿膩㬩姧
嶧桪癟艆㛿膩婙㫩，唹㫣樫酩蟟！旛鬓趻酘＂䮽彽髟襨輸鲰羛鎏椢俈艆瞞㢧，唹 ZenFS
艆㜇蔜䮽㛪㓂觿 2.3覅艆鞒鄷，

2.2.6 谦澳劬塬璀灯

鮭斴懧姅嶧旛鬓趻酘㫣鲠叀嬌趻酘跹跹呴粵頞偟艆屜镼妘䉭暽鲅䮽螻蹀呂髟曤侜

棅艆趻酘䮽滿桵㚼侶詰㜇㬓䎉䮽㫣鲠㬓䎉翹躜扟視蠻㫚ń暘撉殘艆㚼侶昲䉱，鮭㫣鲠趻

酘跹䮽㱘鉙厴斴曤酩跷㳙㒂艆䃼䎨，叀嬌趻酘㬤夝桵㚼侶嫾閿蠻ń蹀艆厴斴䮽㜇斺㫣鲠

厴斴詰魍朁菎抯䗬屜镼，羺鲈俈㳛艆厴斴嶧詰镼艆㱘鉙蒔慅斴郼亯䂍䮽忯霧嶧靑霧㜇斺

昲熰㰈嬝㠽穩，

㶁鲈澏䮽㚼侶鄦鄪〓鏀㛻暦㠹艆醴咮棻㱘鉙趻酘艆厴斴，邊曤䆞菎姇羬蠽姁鮭㓅浤

嶧侜棅屜昲䉱艆亯䂍䮽～詣厴斴魍瓑㢷姇羬蠽姁艆䈏烠墯鄻㢉㢎鎏鳍貖艆镼穩，㫣曤螻

蹀厴斴艆澋薴㱘鉙鮭嬝俈蠽姧醍儐龐鲈㚼侶鳍忛晵熰扠絒艆螻踁，

鲈曤䮽彽髟䎔梒呴粵酩跷杮镼㜇厴浤鰵棻襯嬮殘蹀RocksDB抲鬓艆旛鬓趻酘AquaFS
滿桵靑霧㜇斺梥㦱厴斴艆镼穩䮽魍襯嬮旛鬓趻酘桏窩杮镼䮽遷啢詰镼艆鳍穩婥䀍，

鮭杮镼㜇厴昲䉱踹㒂㛂㚥識跞跷昲䉱䮽厴斴㬓愙嶧厴斴㜇斺，

鮭厴斴㬓愙昲䉱䮽叀嬌趻酘㬤夝桵㚼侶嫾閿蠻ń蹀艆厴斴，叀嬌趻酘曤粵魉㚥誺梻

趻酘艆邁䀻鄦鬓䮽唹姇羬蠽姁屜镼嶧敮籷桵㳙俈嫾閿，俈侶斴叀嬌趻酘㰈桵㚼侶詰㱘

鉙艆厴斴棻扟視嶧嫾閿呂髟艆斺餅ń蹀，疇偤䮽Linux艆 Ext4抯純鎏俈郻 60跷厴斴[³]䮽
魉ァ㢉㫑 1037蟟疞鮭艆㱘鉙笴尐，䧽㚨㛂鉙㬤夝醣曤桪～艆䯌桵蔜裬ァ暷䮽㜇斺叀嬌
厴斴詰魍啑趻酘屜镼抯䗬侶㫈 9訃[⁴]，
蹀鎏姇唹俈㳛詰镼艆㱘鉙䮽趻酘諊絒蘄㬤夝醴燋鲈襯羬骶髟艆䎖╨醴蹙蓚㛊棻㜇

斺酩鲠鄻夝襯羬嶧鄻㫑廬灑蔜裬艆厴斴䮽㫣鲠厴斴⺔㚨蹀〓朁菎嫾閿趻酘屜镼，磠鍓䮽

䉱唹晽苢亯窩艆侜棅屜䮽㫣蟟忯霧㜇斺昲熰妘醣镼嬝偟鯁怱嗰，粵魉叀嬌趻酘襯羬醣諞

艆旛鬓趻酘貖濛䮹EXT4䮽XFS䮽Btrfs䮺ω昣薲鬓䮹SSDωSMRωNVM䮺ω侶嗁嶧玅諼叀
嬌䮽嶧侶跷麅愋詣嗁䮹疇偤 LVMωRAID䮺，叀嬌趻酘餯糶鞫酩跷徍翹跷茾諞艆頶砊識
斴舿跷䗬姧婩椦艆頶砊鮭厴斴㜇斺昲䉱，

桪㫛䮽墯叀鮭侶蟟～詣昲熰棻靑霧㜇斺叀嬌趻酘䮽鮭諼絒艆暘䄂餯糶綿呴粵鎏頞

偟艆屜镼敓㫥[⁵⁻⁶]，㫣鲠靑霧㜇斺恓梫啑叀嬌趻酘婞浤蹀䧶應厵䮽傖侜啺㛙醣諞艆㱘鉙䮽
牞㳛茥槨韌斴艆鍋䮽妘樭懧滷聳叞靓艆額峕㬓愙昣艆㱘鉙㫥ń啺㛙，磠鍓䮽㚼侶䧶苲靑

霧㜇斺恓梫䇍魍怱嗰識䗬醈䮽妘醺詰镼䈏㒂嬝䂍暘䄂忲镼敎斊識偟艆㓤龐昲橅，螻澏䮽

侌絒俈㳛叀嬌厴斴㱘鉙艆䃼䎨鮭嬝俈蠽姧醍鞯梣㓤龐，
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鮭梻鏜叞靓嶧額峕㚾跹䮽䅛醈曤侌絒俈濛斴懧䇕艆夝羬恓梫，偤楅呂詰魍姇羬鲈叀

嬌趻酘䮽呂啑俈俈遷啢捔踃裲䄂䮽襯鳍貖徍誺熰桏咵暽㜇斺叀嬌趻酘，魍聳艆蔜裬跹抯

識䮽妘䉭忛桵叀嬌厴斴㰈滿桵諞樫㳙㒂艆屜镼嫾閿䯋酩鲠厴斴瀴蠻骶厴斴滿桵桏俈艆嫾

閿[⁵]，㫣靑磠電襯彽髟蔜裬偤鉢㳛詣瀭跷叀嬌厴斴艆嫾閿徍㳙㒂屜䮽魍剴偤鉢桵敮鯁㬓
愙㳙㒂厴斴，

粵鮭叀鮭㚼侶昲熰棻㓤龐醈斴瞮䇍艆䃼䎨䮽謦戰䅛醈昲熰，䅛醈昲熰㬤夝詰魍氞愡

蹀跞貖䯋竏嬓抯儐嶧竏嬓㬓愙，

竏嬓抯儐曤慅啑䗬醈斴懧悁嫾識癟醈裲䄂䯌昣椦婞艆竏嬓㬤夝曤燭僒竏嬓艆鄟屜

徍䉭鄟屜鄦諼，夝㓂艆竏嬓抯儐昲熰堯愡踹彺灑灑椵 (PCA)ω箌襨彺灑灑椵嶧鄟屜滲濕
灑椵，竏嬓抯儐艆酩跷踹㒂鈅砊曤瀭跷竏嬓艆窷絒嶭蹴㰈〓螻悁嫾嶧㚼侶醈姧艆䉭鄟

屜鄦諼鍓跗俙，螻澏䮽夝㓂艆竏嬓抯儐恓梫醪梥旛跹艆茥槨茾盤褀䯋戰㬓愙酩鲠詰魍絒

㓤嶧㓤㳖艆燭僒叀嬌厴斴，

茾傖䮽竏嬓㬓愙茲扝鞫燭僒竏嬓跹㬓愙酩跷竏嬓厵䇕䮽茥艆曤詘恏識㳙㒂艆竏嬓，竏

嬓㬓愙昲熰詰魍灑蹀苰萉徍䉭苰萉昲熰，晵苰萉竏嬓㬓愙䮽疇偤 Principle Feature Analysis
䮽樭懧竏嬓躏䄂艆邁趻㬓愙堯塏俈㯳灑▓梥額峕艆厵䇕，鮭㬓愙䅄瀃醣鍈鹴竏嬓唹～

詣茥槨艆嫾閿，茾傖䮽桵苰萉艆竏嬓㬓愙㬓愙酩跷詰魍漁灑徍㫛鋇茥槨僉㳛艆厵䇕，蠻

跹堯愡▓鲈龐詄槵艆誺熰訲訲，羺鲈彽髟桵瞞㢧恏識唹彽髟艆～詣茥槨桵㳙俈嫾閿艆

厴斴䮽疇偤 I/O郟謚㳛䮽螻澏苰萉竏嬓㬓愙桪㬌諼彽髟艆䈏烠[⁷]，
羺鲈鮭叀嬌趻酘跹叀鮭㚼侶蟃斚艆厴斴䮽啑㫣鲠蟃斚厴斴惇㝥彺蟃斚鍋艆㠬㳛龐

呭鎏竏嬓㬓愙艆㠬㳛䮽啑滿桵 N跷鍋艆灑貖厴斴㩶懗蹀 N跷醖箌艆鲆㫥視厴斴〓襯厴
斴裲䄂蒔慅斴郼怱嗰，螻澏梥旛妘煥桵㳓羬 lasso蟈嫐䮽lasso蟈嫐艆㚥誺彺梥嬝䗬，
詁酩蟟牎ń艆竏嬓㬓愙昲熰曤婞襨鮭額峕㚾艆▓蕧醍艆昲熰，㫣鲠昲熰㬤夝蹀榗

鲠厵䇕跹茥槨僉㳛艆諞㠬屜呭蹴酩跷姧㳛，夝羬艆慅槨堯愡㫨酼僉㳛艆昲墪訲，鮭梥旛

跹䮽髟㳓羬▓鲈昲墪艆㳙㒂厴斴㬓愙昲橅䮽昲墪鮭趻酘跹艆唹瀴詰魍讓朁擾厴斴艆㳙㒂

屜，

鮭厴斴㜇斺昲䉱䮽曤唹鲈厴斴㬓愙跹艆㳙㒂厴斴㫥ń厴斴艆㜇斺，

鮭躏聳艆唹斴懧姅㫥ń靑霧㜇厴艆蔜裬跹[⁸]䮽唹斴懧姅艆ァ嬓㠣㪇㫥ń抯儐䮽鮭魚
㱘鎏茾鋇㠣㪇䮽妘羬 lasso蟈嫐唹厴斴㫥ń縱餒財䅛醈躏讜䮽㳓羬鎏䗬昢㫑蠽蟈嫐艆昲
橅㫥ń厴斴艆㜇斺，䗬昢㫑蠽蟈嫐曤酩蟟滷㫥艆恓梫䮽蠻渦镼醪獹姧鈩酔艆渦镼俈靦茾

嫑，䗬昢㫑蠽蟈嫐桵㚼侶蔦媄鳍艆竏屜䮽襯蠻彺蹀㱘鉙裲䄂婞浤嶧抯擾婞㚲艆諼㬌㬓

愙，桪㳙㒂艆曤䮽酩跷曤䗬昢㫑蠽蟈嫐䧽㚨抯純鉙額漁䄂，鮭㛩蔜裬跹㳓羬鎏跞蟟昲橅

抯純扠駄艆厴斴䮽蠻跹酩蟟曤茲扝魚㱘茾鋇㠣㪇跹艆桪偟㱘鉙䮽詁侱酩蟟曤啺㛙蟈嫐艆

㱘鉙，梥旛跹啺㛙襯羬跞蟟昲橅，
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2.3 ZenFS
2.3.1 ZenFS震也玄

ZenFS曤酩跷 RocksDB艆旛鬓趻酘抲鬓䮽呂師羬 RocksDB艆旛鬓趻酘扝謳啑旛鬓
敟鉙識燭僒灑漁鰵㛂侒醍艆漁╨跹，㬤㫑啑旛鬓灑彺侶跷漁╨妘師羬膩籮羛嚳嘰梒抯

蛬棻麥諞呭鱉滿桵茾鋇羛嚳嘰梒艆斴懧䮽醪ü酘艆鰵㛂侒茾瀴䮽趻酘膩籮敟俈俈俈䅛癟

鎏，ZenFS薴鈍旛鬓趻酘徍蘪苼醍煥桵讜詼剋鯤敎䇕䮽鞫鍓抯䗬郟謚㳛ω喺㯳婙㫩嶧蘪
苼鍙蹰屜昲䉱艆屜镼䮹躒 9䮺，ZenFS艆斺餅楪椦偤躒 8忛蛬，[⁹]

躒 8: ZenFS楪椦

ZenFS曤酩蟟竏濅艆！旛鬓趻酘＂，醪蠻㛸曤酩蟟旛鬓趻酘䮽醣偤㛸曤酩蟟絡昣艆
㩹薲鬓閲諞艆趻酘跹艆酩㯳灑，呂㬤㫑喸㳛啑燭梥醣詰蓚艆 FTL曏啍嶧剋鯤蟈敎艆㫑
蠽柗䉁酇醍嗁䮽襯嬮醍嗁詰魍桏偟鯁師羬 SSD艆竏屜，ZenFS㬤㫑啑旛鬓灑彺侶跷漁
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躒 9: ZNS侶鄟蠽呑絡㒇苸膩籮㠣㪇醑郟謚㳛ァ粵

╨妘師羬膩籮羛嚳嘰梒抯蛬棻麥諞呭鱉滿桵茾鋇羛嚳嘰梒艆斴懧䮽醪ü酘艆鰵㛂侒茾

瀴䮽趻酘膩籮敟俈俈俈䅛癟鎏，ZenFS薴鈍旛鬓趻酘徍蘪苼醍煥桵讜詼剋鯤敎䇕䮽鞫鍓
抯䗬郟謚㳛ω喺㯳婙㫩嶧蘪苼鍙蹰屜昲䉱艆屜镼，

薲鬓昲䉱䮽ZenFS▓鲈 Zoned Storage SSD嶧 ZNS䮹Zoned Namespace SSD䮺，
ZNS曤 NVMe桪昣槨齊艆酩㯳灑䮽呂曤醴羬鲈竏濅 SSD艆㬤羬扝謳䮽镼侻啑桏侶

艆額峕柗䉁識踹梻醍䮽師羬踹梻艆姇羬鯖杙額峕棻～詣 SSD艆屜镼，鍓 Zoned Storage
SSD喣曤醴䃶蹀 ZNS鍓㛂㚥艆 SSD䮽呂啑 SSD艆綿㯳曬灑蹀侶跷漁╨䮽瀭跷漁╨㰈
桵靑墭艆膩籮慅㾕䮽醣敃愽䆞梻膩籮鍓曤詘敃愽鞫嫑聳膩慅㾕膩籮䮽鞫鍓喸詰镼鯁㮊

陸鎏姈嗁踹扟醍艆㭅㪛曏啍嶧剋鯤蟈敎，杘㬤 SSD艆踹扟戩拝鎏㭅㪛鯁鯝識窷絒鯁鯝
艆曏啍䮽妘醺鮭踹梻醣詰扟艆嵒噴醑怮ń剋鯤蟈敎䮹喸諊桵 Trim嚳魈艆敃愽[¹⁰]䮺䮽鍓
Zoned Storage SSD艆剋鯤蟈敎梻視曤羺踹梻棻扟視艆䮽㫣樫喣詰魍桪俈蠽姧醍鯁遷啟
膩籮敟俈嶧㛿膩燄霧䮽妘醺镼侻呑絡犿䅳薲鬓䎔翸艆裲䄂䮽鞫鍓抯䗬鎏 SSD艆屜镼師
羬籷，Zones艆鯁鯝裲䄂嶧膩㭅㪛偤躒 10忛蛬，

躒 10: 醖跷 Zone綿艆膩㭅㪛

薲鬓昲䉱艆啺㛙蠻呴醣澊 ZNS酩蟟，鮭師羬薲鬓㫥ń SSD叀嬌～詣艆㡟㭞醍䮽桵
㫑㚼侶昣倄艆㩹薲鬓恓梫，Intel艆階隞喣曤蠻跹躏酩䮽呂師羬絡昣艆 3D XPoint茾僉叀
嬌鞒㠬䮽啑 SSD艆㛿膩屜镼抯員識鎏酩跷昣艆䗬姧，邊曤階隞艆鈅砊謦嬝暷朁䮽㮮喣
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曤彺梥䗬暦䮽鍓醺詘桵 Intel靑咮艆 CPU忲镼侻呑絡儼慻階隞艆屜镼，鍓 ZNS嶧 Zoned
Storage SSD艆～險鮭鲈䮽呂髟曤 NVMe艆槨齊䮽縻鉢診縉㰈詰魍慇礡槨齊棻羛鲰，鍓
醺 ZNS嶧 Zoned Storage SSD艆呴䅓羛鲰彺梥妘醣䗬䮽薲鬓醍踹扟艆㚥誺執穩遷啢鎏䮽
謦㳖敟鎏桏侶燭棻艆䎔翸裲䄂䮽忛魍俈㳛羛鲰讜彺梥〓瀴粵鮭艆 SSD㫢㒂癟䮽螻澏鮭
詰魍㭒㓂艆梣棻䮽ZNS SSD㫢〓桏窩杘剴，
䅳鎏階隞䮽㫢桵 Open-Channel SSD䮹OCSSD䮺[¹¹]，呂艆踹㒂～詣砊鮭鲈䮽呂啑 SSD

艆踹扟嶧剋鯤蟈敎艆渦镼㰈敟識鎏踹梻醍䮽鍓 SSD詘㠣㠧㛿膩斴懧，㫣樫賄艆偟侌曤䮽
踹梻詰魍樭懧靑墭艆姇羬鯖杙棻～詣 SSD艆屜镼䮽鍓醺 SSD艆彺梥謦〓䅛癟，邊曤㫣
樫賄艆鈅砊謦嬝暷朁䮽㮮喣曤踹梻艆㚥誺執穩〓僉俈䮽鍓醺踹梻艆姇羬鯖杙謦〓儺識䅞

視，呂醪 Zoned Storage SSD艆漁濕踹㒂鮭鲈䮽OCSSD曤啑 FTL敟鉙鮭踹梻覚䮽鞫鍓
遷啟 SSD醍踹扟艆 DRAM彺梥訲䮽鍓 Zoned Storage SSD燒妐閍▓梥敟婫鎏鄩賏姧艆
FTL䮽詘鮭䉭夝俈艆 Zone賏姧醍賄鎏俈鰵㭅㪛曏啍嶧虡懓鰈つ䮽鞫鍓㫥酩澐鯁㚭 SSD
桻嗚鲈㚥誺嶧叀嬌梥㦱，

鮭薲鬓呴粵醍䮽Zoned Storage SSD詰魍㛂鉙 Zone艆貖濛，Zone詰魍灑蹀跞貖䯋Seq
Zone嶧 Conv Zone，Seq Zone澋偤躏聳鞒鄷艆酩樫䮽詰魍䆞梻㛿儐䮽邊曤詘镼鞫慅呭艆
膩慅㾕鱉鉙膩籮斴懧，鍓 Conv Zone燒▓梥詰魍荢殘曤杘㬤艆 SSD䮽踹扟鞯磠〓醈悘㫣
㯳灑鯁鯝艆 FTL䮽忛魍㫣㯳灑 Zones詰魍劇ü酘 SSD酩鞳䆞梻㛿膩，㫣樫灑貖 Zones䮽
桏侶鯁曤蹀鎏鎂咵粵桵艆姇羬鯖杙䮽螻蹀粵桵艆姇羬鯖杙跹䮽䆞梻㛿膩艆䈏烠㫢曤䉭夝

侶艆，鍓 Seq Zone燒曤蹀鎏桏偟鯁㬌姇昣艆姇羬鯖杙䮽螻蹀昣艆姇羬鯖杙跹䮽䆞梻㛿
膩艆䈏烠妘醣侶䮽鍓醺 Seq Zone艆屜镼謦桏偟，
㩹鬓昲䉱䮽ZenFS燒曤師羬 RocksDB艆旛鬓趻酘扝謳啑旛鬓敟鉙識燭僒灑漁鰵㛂

侒醍艆漁╨跹，

RocksDB曤 Facebook婥瑥艆酩跷 KV叀嬌媄撊䮽呂曤 LevelDB艆酩跷灑敃䮽踹㒂
羬鲈叀嬌 Facebook艆犿峕趻酘艆盧斴懧，RocksDB艆竏砊曤䮽呂曤酩跷▓鲈 LSM-Tree
艆叀嬌媄撊䮽呂艆㛿膩屜镼㰈䉭夝䗬䮽鍓醺呂艆膩籮敟俈謦䉭夝癟，RocksDB艆膩籮敟
俈踹㒂曤㬤㫑啑膩籮艆斴懧敟識綿叀跹艆MemTable跹䮽磠讜謬啑MemTable跹艆斴懧
膩籮識蘪苼跹艆 SSTable跹棻呴粵艆，RocksDB艆㛿膩屜镼嶧膩籮敟俈㰈䉭夝～蟍䮽忛
魍呂鮭 Facebook艆犿峕趻酘跹嬮識鎏妧熺艆姇羬，

RocksDB艆 LST-Tree桵侶跷嗁漘䮽瀭跷嗁漘㰈桵靑墭艆 SSTable，鮭 RocksDB跹䮽
瀭跷 SSTable㰈曤酩跷旛鬓䮽鍓瀭跷 SSTable跹艆斴懧㰈曤桵姁艆，鮭 RocksDB跹䮽瀭
跷 SSTable 㰈桵酩跷俈啟艆䅞視䮽嫑 SSTable 艆俈啟㫈識䅞視暘䮽喣〓啑㫈識俈啟艆
SSTable㫥ń Compact撉殘，LSM-Tree艆撉殘㭅㪛䮹躒 11䮺䮽㚭㫣蟟斴懧鄿椦鮭蘪苼
醍艆ァ粵蹀酩蟟貖鋇鲈晽宲艆鄿椦䮽㫣樫鄿椦艆斴懧姅鮭蘪苼醍艆䆞梻膩屜镼䉭夝䗬䮽

鍓醺膩籮敟俈謦䉭夝癟，

鮭 ZenFS跹䮽瀭跷醍㫺抯識艆 SSTable喣曤酩跷 .sst旛鬓，ZenFS唹 SST旛鬓艆
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躒 11: LSM-Tree艆撉殘㭅㪛

諊絒䮽謦偤 SSTable艆呑絡㬇窩膩籮偤擾酩㪣䮽戰襯羬WAL䮹Write Ahead Log䮺諊絒旛
鬓艆MetaData嶧旛鬓斴懧䮽羕靤旛鬓艆㳙嚳謨ω煩敓ω昣亯嶧紳䅳䮽㰈曤詘㬇窩膩籮
艆，

2.3.2 ZenFS嫌状澄砂

鮭㜇蔜㫑蠽跹䮽彽髟唹 ZenFS艆瑥魉蔃㫥ń鎏酩漘呑斺艆灑椵䮽岀鄿擾彽髟絒㓤
跹艆 ZenFS艆趻酘橂躒䮹躒 12䮺，

Zone

1 class Zone {
2 ZonedBlockDevice *zbd_;
3 ZonedBlockDeviceBackend *zbd_be_;
4 std::atomic_bool busy_;
5

6 uint64_t start_;//㡻僒窷絒鯁鯝
7 uint64_t capacity_; /* remaining capacity */
8 uint64_t max_capacity_;
9 uint64_t wp_;

10 Env::WriteLifeTimeHint lifetime_;
11 std::atomic<uint64_t> used_capacity_;
12 }

㫣㳘艆 Zone唹姇艆喣曤㛂侒醍艆 Zone䮽醣㫑鮭 ZenFS忛諊絒艆 Zones跹䮽詘敃愽
Seq Zone䮽忛魍㫣㳘艆 Zone謦詘〓曤 Seq Zone，
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躒 12: ZenFS趻酘橂躒

酩跷 Zone 䈏㒂桵忛嘂鰵㛂侒䮽㡻僒鯁鯝嶧膩慅㾕䮽羛嚳嘰梒嶧裲䄂茾邁艆醈悘，
Zone跹艆昲熰桵㳙鉙 Zone䮽滲昞曤壙蹀裲徍鍊曤壙膩瓑䮽嬒膩慅㾕讜䉱玌窩斴懧訲訲，

ZoneList

1 class ZoneList {
2 private:
3 void *data_;
4 unsigned int zone_count_;
5 }

羺鲈酩跷 Zoned Storage SSD 醍艆 Zone 酩鞳瀴㪍俈䮽Zone 艆斴㳛妘醣侶䮽忛魍
ZenFS㒂烠斴懧讜覚㒂镼侻寘㬩鯁抯純酩跷慅謐 Zones額峕傷ァ艆慅㾕䮽磠讜㬤㫑㫣跷
慅㾕喣詰魍寘㬩鯁烠儐 Zones艆額峕䮽疇偤榗跷 Zone艆㡻僒鯁鯝ω咵㳛ω膩慅㾕ω曤
壙醑鄟ω曤壙朁婽忺婥訲，

ZonedBlockDeviceBackend
ZonedBlockDeviceBackend曤羬棻嶧姈嗁㛂侒鲫鲐䈏㒂鄻㫑艆扝謳䮽㫣跷扝謳啑姈

嗁艆 ZoneList絡㯳惇㝥彺綿叀跹㫨酼艆 ZoneList妘㫥ń撉殘，
鮭 zbdlib_zenfs.h 魍剴 zbdlib_zenfs.cc 呴粵扝謳魍昲締醍嗁唹姈嗁 zbd 艆㛃

䃼，

鮭zonefs_zenfs.h魍剴zonefs_zenfs.cc艆呴粵曤啑醍嗁唹 zbd艆㛃䃼㬤㫑 posix
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艆㛿膩旛鬓昲婽酇堯⺴㡻棻䮽鞫鍓镼侻㛃䃼識⺔ ZoneFS堯⺴㫑讜艆呴䅓艆 Zone，

1 class ZonedBlockDeviceBackend {
2 public:
3 uint32_t block_sz_ = 0;
4 uint64_t zone_sz_ = 0;
5 uint32_t nr_zones_ = 0;
6 }

backend桵跞蟟貖濛灑濕曤䯋

1 enum class BackendType {
2 kBlockDev,
3 kZoneFS,
4 };

嫑磠䮽鮭彽髟呴粵鎏 RAID躏讜䮽㫣㳘玌窩鎏 backend貖濛 kRAID䮽羬棻ァ蛬㫣跷
backend曤酩跷⺔ RAID讜艆斴懧讜覚，

ZonedBlockDevice

1 class ZonedBlockDevice {
2 private:
3 std::unique_ptr<ZonedBlockDeviceBackend> zbd_be_;
4 std::vector<Zone *> io_zones;//羬鲈io艆zone
5 std::vector<Zone *> meta_zones;//羬鲈鈍叀盧額峕艆zone
6 time_t start_time_;
7 std::shared_ptr<Logger> logger_;
8 uint32_t finish_threshold_ = 0;
9 std::atomic<uint64_t> bytes_written_{0};

10 std::atomic<uint64_t> gc_bytes_written_{0};// 剋鯤蟈敎㩶蠧艆厾頶斴茥
11

12 std::atomic<long> active_io_zones_;//灑㱘io_zone暘䈏㒂羬䀎
13 std::atomic<long> open_io_zones_;
14 /* Protects zone_resuorces_ condition variable, used
15 for notifying changes in open_io_zones_ */
16 std::mutex zone_resources_mtx_;
17 std::condition_variable zone_resources_;
18 std::mutex zone_deferred_status_mutex_;
19 IOStatus zone_deferred_status_;
20

21 std::condition_variable migrate_resource_;
22 std::mutex migrate_zone_mtx_;

25



23 std::atomic<bool> migrating_{false};
24

25 unsigned int max_nr_active_io_zones_;
26 unsigned int max_nr_open_io_zones_;
27

28 std::shared_ptr<ZenFSMetrics> metrics_;//todo
29 }

Open橙千
羬棻忺婥酩跷 ZonedBlockDevice䮽牎蠽偤醑䯋

• 䒩滷驒儐桪俈牄㣇 io_zones斴茥嶧桪俈詰忺婥 io_zones䮽㫣㳘鈍翸鎏翹跷 zone羬
鲈 metadata叀嬌䮽酩跷䎮侱艆 Zone羬鲈 extent migration䮽戰 Extent諼妘暘襯羬艆
㪏務裲䄂，

• 鞫 backend跹驒儐墯桵 zones灑㱘 3跷 meta_zones，啑談財艆䉭蟃鄟笴尐艆詰驒嬮
艆 zone敟籮 io_zones跹，㭘癥艆㫑蠽詰酘㚥嫑聳牄㣇 zone艆斴茥，

侌鲈蟃鄟笴尐艆鰵䮽謦喣曤 offline䮽慅艆曤㫣鲠鰵墯鄻鮭薲鬓嗁䉱櫥牞識䀦㛳䮽醣
詰羬鎏䮽䈏㒂⺔桟懗戣，

Get*Space橙千䯋䎎謨屌蹴䮽羬棻驒儐㛼偤墯鄻襯羬裲䄂䮽裲䄀裲䄂魍剴詰蟈敎裲
䄂俈啟

Log*橙千䯋羬棻㪝擾晽宲䮽驒儐 zone艆斺餅襯羬嵒噴䮽瀭跷 zone醖跷襯羬嵒噴
魍剴剋鯤裲䄂竈瀴訲，

澄砑 zone瘁夯强拓
ZonedBlockDevice㳙㒂艆渦镼姇㛩曤撉殘 zone䮽蠻灑㱘㳖敟茾邁撉殘䯋

• ApplyFinishThreshold啑談財裲䄂啟鲈䎔㛂艆鰵酇 finish戣䮽finish撉殘慅艆曤恡酩
跷 zone艆膩慅㾕蠧霧識 zone梤喺䮽談財咵㳛遷蹀 0，

• FinishCheapestIOZone啑酩跷桪啟談財裲䄂艆 zone酇 finish，

• GetBestOpenZoneMatch 啑酩跷嫑聳艆旛鬓羛嚳嘰梒嶧瀭酩跷 io_zone 㫥ń羛嚳嘰
梒唹瀴䮽灑㱘酩跷羛嚳嘰梒俈鲈嫑聳旛鬓艆羛嚳嘰梒醺桪扝㫛艆 zone，

• AllocateEmptyZone䮽䎎謨屌蹴曤灑㱘酩鰵裲艆 zone，

• ReleaseMigrateZone䮽䎎謨屌蹴曤㳖敟 migrate_zone (todo migrate zone 曤羬棻妐鐸
艆)，

• TakeMigrateZone䮽㬓愙酩鰵桪～ zone嫑殘 migrate_zone，
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• AllocateIOZone䮽鮭鈍愽 max_active_io_zones艆斴㳛艆聳抯醑灑㱘酩鰵 zone，

• Read䮽鞫劃蠧 offset侌㛿 n跷 byte壢姇㛩曤䮽㫣㳘㫃羬鎏 ZonedDeviceBackend抯
純艆 Read扝謳，

鍓 ZonedBlockDevice艆㛿膩斴懧䮽燒▓梥茲扝㜇羬 ZonedBlockDeviceBackend艆茾
邁扝謳䮽戰鲫酇醑酩嗁侌絒，

Snapshot
ZenFS艆 Snapshot渦镼䮽桵侶蟟叀嬌鄿椦艆 Snapshot䮽蠻㚴嫕醑榗酩跷薴呭暘䄂艆

謔跷鄿椦艆▓梥額峕䮽鞫鍓呴粵WAL鄿椦醑艆斴懧酩靦屜鈍愽嶧寘礡峆侜渦镼，
翹蟟 Snapshot艆叀嬌鄿椦偤醑䯋

1 // ZBD㛂侒寘礡㚴嫕㛂侒艆裲䄀裲䄂䮹free_space䮺
2 // 墯襯羬裲䄂䮹used_space䮺嶧詰蟈敎裲䄂䮹reclaimable_space䮺，
3 class ZBDSnapshot {
4 public:
5 uint64_t free_space;//裲䄀裲䄂
6 uint64_t used_space;//墯襯羬裲䄂
7 uint64_t reclaimable_space;//詰蟈敎裲䄂
8 }
9

10 // Zone寘礡㚴嫕鎏Zone漁╨艆婥僒鯁鯝䮹start䮺䮽膩慅㾕䮹wp䮺䮽魍剴咵㳛茾邁額峕，
11 class ZoneSnapshot {
12 public:
13 uint64_t start;//Zone婥僒鯁鯝
14 uint64_t wp;//膩慅㾕
15

16 uint64_t capacity;//咵㳛
17 uint64_t used_capacity;//墯羬咵㳛
18 uint64_t max_capacity;//桪俈咵㳛
19 }
20 class ZoneExtentSnapshot {
21 public:
22 uint64_t start;//todo
23 uint64_t length;//Extent䂍姧
24 uint64_t zone_start;//todo
25 std::string filename;//Extent忛嘂旛鬓謨
26 }
27 // 㚾旛跹抯識㫑酩跷旛鬓愔桵侶跷extent䮽extent醣〓㣬Zone叀嬌
28 // 鮭㫣鲠斴懧鄿椦跹詰魍荢擾，
29 class ZoneFileSnapshot {
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30 public:
31 uint64_t file_id;//䎎謨屌蹴 file艆id
32 std::string filename;//旛鬓謨
33 std::vector<ZoneExtentSnapshot> extents;//旛鬓艆extents寘礡䇕諼
34 }
35 // 㫣㳘艆寘礡締曤躏聳忛桵寘礡艆鄦諼䮽㚴嫕鎏斺跷 ZenFS 㛂侒艆㳙㒂笴尐，
36 class ZenFSSnapshot {
37 public:
38 ZBDSnapshot zbd_;
39 std::vector<ZoneSnapshot> zones_;
40 std::vector<ZoneFileSnapshot> zone_files_;
41 std::vector<ZoneExtentSnapshot> extents_;
42 };

ZoneExtent
ZoneFs艆旛鬓綿咵曤羺侶跷 extent鄦彺艆䮽瀭跷 extent㰈敟鮭酩跷 zone㳘䉱䮽extent

醣镼㣬 zone叀嬌，

1 class ZoneExtent {
2 public:
3 uint64_t start_;// 窷絒㡻僒鯁鯝
4 uint64_t length_;// extent艆䂍姧
5 Zone* zone_;// 忛嘂zone慅㾕
6

7 explicit ZoneExtent(uint64_t start, uint64_t length, Zone* zone);
8 Status DecodeFrom(Slice* input);
9 void EncodeTo(std::string* output);

10 void EncodeJson(std::ostream& json_stream);
11 };

ZoneFile

1 class ZoneFile {
2 private:
3 const uint64_t NO_EXTENT = 0xffffffffffffffff;
4

5 ZonedBlockDevice* zbd_;
6

7 std::vector<ZoneExtent*> extents_;
8 std::vector<std::string> linkfiles_;
9
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10 Zone* active_zone_;
11 uint64_t extent_start_ = NO_EXTENT;
12 uint64_t extent_filepos_ = 0;
13

14 Env::WriteLifeTimeHint lifetime_;
15 IOType io_type_; /* Only used when writing */
16 uint64_t file_size_;
17 uint64_t file_id_;
18

19 uint32_t nr_synced_extents_ = 0;
20 bool open_for_wr_ = false;
21 std::mutex open_for_wr_mtx_;
22

23 time_t m_time_;
24 bool is_sparse_ = false;
25 bool is_deleted_ = false;
26

27 MetadataWriter* metadata_writer_ = NULL;
28

29 std::mutex writer_mtx_;// zonefs艆㛿膩䀎
30 std::atomic<int> readers_{0};
31

32 public:
33 static const int SPARSE_HEADER_SIZE = 8;
34 }

ZoneFile 曤 ZenFS 跹艆旛鬓惇㝥䮽蠻㚴嫕鎏旛鬓艆盧斴懧額峕䮽堯愡旛鬓謨嶧㣳
嬘ω暘䄂ω旛鬓 idω旛鬓俈啟ω旛鬓貖濛ω旛鬓艆 extents訲，

zonefile鮭撉殘暘詘〓撉殘酩跷 active_zone䮽諞暘旛鬓㚴嫕鎏羛嚳嘰梒䮽㛿膩䀎訲
訲，

蠻跹呴粵艆昲熰桵蠬聣旛鬓 append䮽忛㜗蠬聣旛鬓喣曤䅳鎏鮭 zone跹鈍叀鎏桵敮
斴懧額峕躏侱㫢鈍叀鎏桵敮斴懧艆䂍姧額峕䮽偤躒 13忛蛬，

sparse昲婽艆 zone跹〓啑䂍姧㚴嫕㚥籮䮽鍓杘㬤艆 zone詘〓酩茲 append旛鬓跹艆
extent，sparse旛鬓镼侻桏窩瞛牄鯁諊絒旛鬓艆裲䄂䮽邊曤〓瀴䉭 sparse旛鬓侶酩跷䂍
姧厾瀃額峕，

䅳澏躏侱䮽zonefs㫢桵呴粵鎏 RocksDB艆 FSWritableFile扝謳魍敃愽䎊姁膩艆昲熰䮽
呴粵鎏 FSSequentialFile扝謳魍呴粵䎊姁㛿䮽FSRandomAccessFile扝謳魍呴粵䆞梻㛿，

SuperBlock
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躒 13: ZoneFile蠬聣旛鬓

1 class Superblock {
2 uint32_t magic_ = 0;
3 char uuid_[37] = {0};
4 uint32_t sequence_ = 0;
5 uint32_t superblock_version_ = 0;
6 uint32_t flags_ = 0;
7 uint32_t block_size_ = 0; /* in bytes */
8 uint32_t zone_size_ = 0; /* in blocks */
9 uint32_t nr_zones_ = 0;

10 char aux_fs_path_[256] = {0};
11 uint32_t finish_treshold_ = 0;
12 char zenfs_version_[64]{0};
13 char reserved_[123] = {0};
14 }

ZenFS艆 SuperBlock㢉郼鰵茾瀴蠻骶旛鬓趻酘艆㢉郼鰵㒂誐醖嬝侶䮽蠻踹㒂㚴嫕
鎏酩鲠▓梥額峕䮽堯愡䙪斴ω旛鬓趻酘艆穵梥ωblock艆俈啟ωzone艆俈啟ωzone艆斴
㳛ω㪏務旛鬓趻酘㣳嬘䮽躏讜俈㯳灑艆額峕㰈曤鈍翸厾瀃，

ZenFS 艆䉯㫛呴䅓薲鬓艆㛂㚥襯嬮呂桏窩誐燱䗬敮䮽邊曤呂艆䎔翸煩敓裲䄂謦翸
㢷鎏䮽蹀彽髟鞑讜艆煩敓～詣抯純鎏締師，彽髟絡苼 RAID艆呴粵喣曤師羬鎏呂艆㢉郼
鰵艆䎔翸裲䄂，

ZenMetaLog

1 class ZenMetaLog {
2 uint64_t read_pos_;
3 Zone* zone_;
4 ZonedBlockDevice* zbd_;
5 size_t bs_;
6 }

ZenMetaLog曤 ZenFS艆盧斴懧晽宲樲婽䮽曤 ZenFS䉭夝㳙㒂艆斴懧叀嬌鄿椦，
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zenmetalog 窩籮艆 record 曤偤躒14嫬婽䮽䒩滷叀嬌艆曤羺䂍姧嶧斴懧嫬彺艆餒財
蔃䮽磠讜曤斴懧䂍姧䮽謬曤呴䅓艆斴懧，

躒 14: ZenMetaLog Record

瀭酩漘 roll艆撉殘㰈〓㳙昣婥酩跷 zone棻㚴嫕 metadata額峕䮽暘梻曤嫑㫣跷 zone
膩瓑鎏 todo䮽鍓酩跷昣艆 metazone艆綿咵䒩滷〓窩籮醑䉱綿咵䮽澏暘㚴嫕艆曤旛鬓趻
酘艆蒀暘笴尐謦戰 snapshot䮽嫑磠㫣鲠 snapshot曤羬 record艆嫬婽窩籮艆䮹躒15䮺，

躒 15: ZenMetaLog Roll

鮭 update䮽replace徍曤 delete旛鬓暘䮽㰈〓慇礡偤躒16樲婽堯⺴彺 record窩籮met-
alog，

躒 16: ZenMetaLog樲婽

ZenFS

1 class ZenFS : public FileSystemWrapper {
2 ZonedBlockDevice* zbd_;
3 std::map<std::string, std::shared_ptr<ZoneFile>> files_;// ZoneFile
4 std::mutex files_mtx_;
5 std::shared_ptr<Logger> logger_;
6 std::atomic<uint64_t> next_file_id_;
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7

8 Zone* cur_meta_zone_ = nullptr;
9 std::unique_ptr<ZenMetaLog> meta_log_;// 盧額峕

10 std::mutex metadata_sync_mtx_;
11 std::unique_ptr<Superblock> superblock_;// 㢉郼鰵
12

13 std::shared_ptr<Logger> GetLogger() { return logger_; }
14

15 std::unique_ptr<std::thread> gc_worker_ = nullptr;// 剋鯤蟈敎
16 bool run_gc_worker_ = false;
17 }

GC_WORKER滚乖巩祁
嫑絡喿 zone 㳘㫃艆 free 裲䄂啟鲈酩呭瀴疇躏讜䮽gc_worker 締婥僒鎏剋鯤蟈敎墝

殘䮽樬孾屌嶌締曤䯋

敎䇕䈏㒂剋鯤蟈敎艆 zone䮽戰 zone艆談財裲䄂瓑㢷酩呭艆棴鬓喣㫥ń蟈敎䮽躏讜
啑 zone跹唹姇艆 extent蠧霧識醪嫑聳 zonefile羛嚳嘰梒茾魚㱘艆 zone䮽㫣跷 zone曤䎊
姁膩艆䮽㫣跷蠧霧 extent艆撉殘詒賄 migrate撉殘，

ZenFS綿滲昞嫑聳 zone曤壙䈏㒂蟈敎艆棴鬓㫢曤瀴㪍誐醖艆䮽曤酩跷誐醖艆咵㳛
滲昞，嫑旛鬓趻酘 GC暘䮽恏識㢉㫑咵㳛艆 Zone䮽謬恏識酩跷襯羬㪍啢艆 Zone䮽啑㢉
㫑咵㳛艆 Zone跹艆斴懧㫋蠧識襯羬㪍啢艆 Zone跹䮽喣呑彺鎏酩漘 GC，㫣㳘 ZenFS誐
醖艆呴粵蹀彽髟躏讜艆～詣抯純鎏締師，

MOUNT旄牖䯋

• 㛿籮忛桵metazone妘醺㛿擾 superblock䮽㬓愙 seq姁誚桪俈艆 superblock艆meta殘
蹀峆侜 zone，

• 餁曤 readonly艆䮽燒鞫蘪苼諞澐酩漘斴懧，

• 餁曤詰膩艆䮽妘醺羬酩跷昣艆 metazone㚴嫕嫑聳旛鬓趻酘艆蒀暘笴尐䮹superblock
魍剴謔跷 zonefile艆釂蔃䮺，諞暘㒂啑趻酘艆梣羬 zone㳙鉙酩醑，桪讜婥塤剋鯤蟈
敎鄟蠽，

MKFS旄牖䯋

• 㬓愙酩跷 metazone殘蹀 log㚴嫕艆 zone，

• 膩籮 superblock嶧謔跷 zonfile釂蔃識 metazone跹，

魍醍▓梥▓鲈瑥蔃鄿椦唹 ZenFS賄鎏酩跷誐醖艆灑椵，桵鎏魍醍艆絒㓤灑椵䮽彽
髟喣詰魍婥僒唹 ZenFS㫥ń煩敓～詣鎏，
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3 劬塬缟绡

3.1 AquaFS签梆赡涩
AquaFS曤酩跷浤鰵詣艆旛鬓趻酘䮽魍醑曤 AquaFS艆斺餅楪椦躒䯋

躒 17: AquaFS斺餅楪椦躒

楪椦躒 17跹艆浤鰵誐耑㛸暷偤醑䯋

1. App䯋旛鬓趻酘㛻烠㠣㪇

2. RocksDB䯋斴懧姅㛻烠

3. Data Router䯋FileSystem㛻烠㣳羺鏜䮽䈏㒂滲昞嫑聳㛻烠曤壙㬌諼WAL～詣

4. Turner䯋霧尐㜇斺㫚ń㫑蠽跹艆厴斴
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5. Configurator䯋䉨尐㜇斺旛鬓趻酘厴斴䮽婞襨旛鬓趻酘暘酇擾婞㚲厴斴

6. AquaZFS䯋鄻㫑煩敓嶧～詣艆 ZenFS䮽敃愽 RAID訲渦镼

7. ExtFS䯋桵 inode趻酘艆㫚ń鲈 Seq/Conv Zones醍艆㬤羬旛鬓趻酘

(a) 唹杘㬤㛻烠䮽茲扝襯羬 Conv Zones

(b) 唹 AquaZFS艆昣旛鬓䮽抯純 inode踃媄訲㛿膩～詣

(c) 唹㪍俈艆騙斴懧旛鬓䮽灑㱘識 Seq Zones

(d) 啑酩鲠詰魍婩鯁桏昣艆斴懧魍 AquaFS::Extent嫬婽膩籮 AquaZFS

8. Zones Allocator䯋蹀 AquaZFSωExtFS抯純 Zone灑㱘桻嗚ω諞暘滿侒虡懓鰈つ艆渦
镼

9. Zones䯋

(a) Seq Zones䯋詘镼䎊姁膩艆 Zones

(b) Conv Zones䯋詰魍䆞梻膩艆 Zones

10. AquaFS䯋斺餅旛鬓趻酘

3.2 饲惯缟绡垴嗤

RocksDB爆越 AquaFS

RocksDB襯羬 AquaFS䮽詰魍㡴跞蟟斴懧㬤㣳䯋FileSystem嶧 POSIX扝謳，
RocksDB爆越 FileSystem乓抵爆越 AquaFS
啑 AquaFS釂㛕蹀 RocksDB抲鬓䮽Data Router襯羬 FileSystem扝謳，
Data Router踹㒂㩶儼 SST㛻烠識 AquaZFS䮽蠻骶㛻烠㩶儼識 ExtFS䮽妘唹竏濅嵒

噴賄鲆鍊艆㠣㪇鰈つ，

RocksDB爆越 POSIX乓抵爆越 AquaFS
AquaFS艆 Data Router㬤㫑 Kernel Module徍 FUSE抯純 POSIX㛃䃼扝謳䮽妘杮镼

滲昞斴懧㠣㪇鱉鉙，

App爆越 AquaFS

羺鲈鴻呭 App妘梣呴粵 FileSystem扝謳䮽忛魍 App斴懧詰魍㬤㫑 Kernel Module /
FUSE昲婽鄻㫑 Data Router識醑嗁，
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璀灯饲惯

AquaFS跹㜇厴浤鰵踹㒂桵跞跷㯳灑䯋ConfiguratorωTurner，
Configurator鮭旛鬓趻酘賒婞聳㛈辦嫑聳趻酘桏㬌諼艆釃呭厴斴䮽妘鄿諼䈏烠酇擾

諼㬌艆厴斴㬓愙嶧䎔辦艆屜镼漁䄂，

Turner 鮭旛鬓趻酘襯羬㫑蠽跹鈍愽㫚ń䮽樭懧趻酘嫑聳笴尐霧尐㜇斺詰敓僉艆厴
斴䮽魍驒嬮桏窩瞛牄頞偟艆斺餅ァ粵，

滇璀灯千

1. 釃呭厴斴

(a) 鰵俈啟

(b) 釃呭 RAID厴斴

(c) 斴懧讜覚貖濛

2. GC

(a) GC咵㳛䄖鍋

(b) GC䄂䆣暘䄂

3. 霧尐 RAID

(a) 灑㱘暘䄂䮹GC䮺

(b) 灑㱘厴斴䮹0/1/5...䮺

4. 旛鬓㛻烠灑貖

(a) 灑貖蹀 SSTω杘㬤斴懧

(b) 灑貖騙硧旛鬓/斴懧

5. IO窩㬩昲婽䯋io_uring/xNVME

AquaZFS哆 ExtFS

ExtFS曤踹㒂㫚ń鲈 Conv Zones醍艆㾕唹 ZNS～詣艆旛鬓趻酘，踹㒂竏屜䯋

1. 宆䎋燭鯁桏昣艆斴懧敟鮭 Conv Zones綿䮽偤 Superblock訲䮹嬚呭䮺

2. 㬌諼婩鯁桏昣艆斴懧㬤㫑 AquaZFS鈍叀鮭 Seq Zones綿䮽偤MetaData䮹嬚呭䮺

3. 偤楅杮镼櫥牞識 AquaZFS綿㯳灑斴懧醣㬌諼 Seq Zones叀嬌䮽燒㩶儼識 ExtFS綿
侌絒
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4. 羬餒財艆 inode訲蹀 AquaZFS抯純踃媄䮽詰魍霧尐䅛癟蠻綿叀犿鍡

AquaZFS曤▓鲈 ZenFS艆～詣煩敓䮽敃愽魍醍竏屜䮽鮭鈍愽䗬屜镼艆諞暘抯員旛
鬓趻酘艆瞛牄屜，

RAID

鮭 AquaZFS鞫膩苼聳識呴䅓膩苼躏䄂䮽叀鮭酩嗁 RAID㭅㪛，
鮭燭穵 ZenFS艆呴粵跹妘煥桵呴粵 RAID艆㭅㪛䮽蠻詘镼鈍㛅叀嬌艆！㚴嫕＂艆斴

懧澋薴屜䮽鍓晵熰鈍㛅！旛鬓＂艆斴懧澋薴屜䮽謦醣镼鮭㭒識蘪苼敩䆫艆暘綱靑霧侌絒

煩侜斴懧，

AquaZFS鮭 ZenFS艆▓蕧醍呴粵鎏 RAID㭅㪛䮽詰魍鮭蘪苼敩䆫暘靑霧煩侜斴懧䮽
醺镼侻樭懧㱘鉙靑霧襯羬醣諞艆 RAID詄耑，
䅳鎏鈍㛅斴懧艆澋薴屜䮽AquaZFS㫢詰魍樭懧醣諞艆 RAID詄耑抯純醣諞艆屜镼，

嫑聳呴粵艆 RAID0詰魍魍 N訃窩㬩醖鄟蠽斴懧艆㛿膩䮽RAID1鮭抯純 N訃㛿屜镼艆
諞暘䮽㫢詰魍羬誐醖艆餒財詄耑鈍㛅斴懧艆呍絡屜，澏侌艆 N艆俈啟儐龐醪 ZNS薲鬓
㛂㚥醍镼侻忺婥艆桪侶艆諞暘㛿膩 Zone斴㳛艆嶧，

AquaZFS艆 RAID桵跞蟟▓梥浤婽䯋絡苼浤婽嶧杮镼霧尐灑漁浤婽，
鮭絡苼浤婽醑䮽AquaZFS〓魍 SSD㛂侒蹀醖鱉姇羬諞酩蟟 RAID詄耑䮽蠻詄耑㱘

鉙膩籮㢉郼鰵跹䮽詰魍寘㬩啑墯鄻鮭襯羬艆 AquaZFS㩶懗蹀絡苼 RAID樲婽䮽妘襯羬
㢉郼鰵鮭Meta Zones跹艆㬇窩膩籮㭅㪛鈍㛅㱘鉙艆澋薴屜，
鮭杮镼霧尐灑漁浤婽醑䮽AquaZFS魍 Zones蹀醖鱉㱘鉙 RAID詄耑䮽詰魍鮭醣諞艆

Zones跹襯羬醣諞艆 RAID詄耑，RAID詄耑額峕魍㚴嫕嫬婽膩籮Meta Zones跹䮽妘襯
羬WAL㱘諼 Snapshot鈍㛅斴懧艆澋薴屜，
鮭呴粵艆㫑蠽跹䮽彽髟蹀蠻骶艆 RAID㭅㪛賄鎏䎔翸䮽镼侻寘㬩鯁呴粵蠻骶 RAID

㭅㪛，

1. 詰瞛牄㱘鉙蹀䯋䉨尐釃呭厴斴 RAIDω杮镼霧尐灑漁 RAID

2. 詰魍鮭羬忇尐䖅霧 NVME䮽徍鍊綿樬尐襯羬 liburing㫥ń IO窩㬩䮽廬灑師羬侶苼
～險抯員屜镼

3. 師羬 Turner抯純艆婞㚲䮽鮭 AquaZFS剋鯤蟈敎暘徍諼妘 Extent暘㜇斺 RAID㭅㪛䮽
襯旛鬓趻酘鮭呍絡屜ω屜镼醍桵桏偟艆棆つ砊

Zones Allocator

蹀 AquaZFS嶧 ExtFS抯純酘酩艆 Zones灑㱘桻嗚，

1. 㚭斺苼裲䄂嬮識桏窩廬灑艆師羬䮽遷啢羺鲈灑婥跞蟟厵趻酘㬪彺艆裲䄂藡穳

36



2. 樭懧癥詬斴懧䮽牞誺醣諞 Zones艆啅嚳嶧㬩姧䮽棻扟視 Zones艆灑㱘㭅㪛䮽婙䂍蘪
苼啅嚳䮽抯䗬蘪苼郟謚

IO疮飙

鮭 AquaFS謐醍抯純 FileSystem扝謳暘䮽羺鲈㠣㪇蠽姁唹 FileSystem扝謳賄鎏㬌㱘䮽
忛魍詰魍㚭㠣㪇蠽姁嶧斺跷 AquaFS㰈㣕鮭羬忇尐，
嫑 AquaFS斺跷㫚ń鮭羬忇尐䮽詰魍襯羬 xNVME羬忇尐 NVME閲㚲䖅霧䮽䅛癟

綿樬尐羬忇尐薩懗艆屜镼懓俙䮽諞暘謦詰羬 io_uring窩㬩，
餁AquaFS襯羬 POSIX扝謳䮽詰魍襯羬VFS徍鍊 FUSE扝謳䮽澏暘謦詰魍羬 xNVME

徍鍊 io_uring㫥ń IO窩㬩，

缺撄凑

㫣跷楪椦艆︹杮镼︺餅粵鮭潷䯐

1. 茾瀴醪 ZenFS䮽瞛牄屜桏媮

(a) 樭懧㫚ń笴噴㜇斺厴斴

(b) 抯純 RAID渦镼䮽妘詰魍霧尐灑㱘

2. 斴懧呍絡屜桏媮䯋RAID渦镼

3. 杮镼灑㱘㛻烠

(a) 㫥ń㛿膩㛻烠灑蟃

(b) 㫥ń虡懓鰈つ艆 RAID灑㱘

4. 桏窩䗬敮䯋RAID渦镼ω絡婩澐 IO窩㬩

3.3 滥低绡痴

羺鲈酩鲠燭螻䮽彽髟燭棻艆䄭䂍煥镼酨酼厴醪識䎉茥跹棻䮽忛魍彽髟艆婥儼㚥曬謦

桵忛敓僉，

鮭攝㡟䅄瀃䮽鍈鹴識彽髟艆赑穩嶧鳍斴䮽彽髟～滷呴粵 AquaFS旛鬓趻酘艆魍醑翹
跷渦镼㯳灑䯋

1. AquaFS旛鬓趻酘艆 RAID0䮽RAID1䮽杮镼灑㱘鏜呴粵

2. AquaFS旛鬓趻酘艆杮镼㜇厴浤鰵攝澐呴粵

3. AquaFS旛鬓趻酘茾邁 RAID牞㛙䮽杮镼灑㱘鏜牞㛙䮽㜇厴浤鰵攝澐牞㛙
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鮭侜㡟䅄瀃䮽彽髟啑酨酼呑檣 AquaFS䮽呑檣艆渦镼踹㒂曤醑䉱翹跷浤鰵䯋

1. AquaFS旛鬓趻酘艆 RAID5呴粵

2. AquaFS旛鬓趻酘 RAID0艆 io uring窩㬩呴粵

3. AquaFS旛鬓趻酘艆杮镼㜇厴浤鰵呑檣

4. AquaFS旛鬓趻酘虡懓鰈つ浤鰵呴粵

5. AquaFS旛鬓趻酘 RAID5䮽虡懓鰈つ浤鰵牞㛙

4 劬塬胶雍

㾕唹魍醍㛂㚥䮽彽髟呴粵鎏AquaFS旛鬓趻酘，AquaFS旛鬓趻酘艆呴粵▓鲈 ZenFS䮽
彽髟鮭 ZenFS艆▓蕧醍㫥ń鎏煩敓嶧～詣䮽襯蠻敃愽 RAID訲渦镼，

4.1 AquaFS谦澳劬塬震 RAID胶雍
RAID曤慅箌襨餒財蘪苼䅃傷䮹Redundant Array of Independent Disks䮺䮽呂曤酩蟟斴

懧叀嬌恓梫䮽㬤㫑啑侶跷薲苼鄦諼㡻棻䮽呴粵斴懧艆侒麇ω咵䀦嶧屜镼～詣，

嫑彽髟薴呭 RAID昲橅艆暘綱䮽䒩滷䈏㒂㓤龐艆䃼䎨曤䯋偤鉢啑 ZNS跹艆 Zones
鄦鄪彺 RAID醖鱉，鮭ü酘艆 RAID呴粵跹䮽RAID醖鱉曤蘪苼䮽鍓鮭 ZNS跹䮽RAID醖
鱉詰魍曤蘪苼䮽謦詰魍曤 Zone，彽髟晹詰魍啑 ZNS跹艆 Zones鄦鄪彺 RAID醖鱉䮽謦
詰魍啑 ZNS跹艆蘪苼鄦鄪彺 RAID醖鱉，彽髟啑 ZNS跹艆 Zones鄦鄪彺 RAID醖鱉艆
昲婽蠗蹀灑漁 RAID䮽啑 ZNS跹艆蘪苼鄦鄪彺 RAID醖鱉艆昲婽蠗蹀絡苼 RAID，
㮮蹯彽髟曤壙镼啑忛桵艆 Zones㰈鄦鄪彺 RAID醖鱉撳䯐詂橅曤壙呭艆，鮭 Zoned

Storage SSD跹䮽Zone灑蹀鎏跞蟟䯋Seq Zone嶧 Conv Zone，桏㛪鄩艆㛸暷鮭 2.3.1，㫣
跞蟟 Zones羺鲈蠻㛿膩昲婽艆漁濕䮽曤醣镼玅蹀酩㜌艆，偤楅啑 Seq Zone嶧 Conv Zone
玅羬䮽燒犔㠽鎏踹扟醍醴䃶唹 Conv Zones㱘鉙艆 DRAM Cache䮽謦〓䅛癟 Seq Zone艆
㛿膩屜镼，忛魍䮽彽髟醣镼啑忛桵艆 Zones㰈鄦鄪彺 RAID醖鱉䮽鍓曤䈏㒂啑 Seq Zone
嶧 Conv Zone灑婥鄦鄪彺 RAID醖鱉，
䅳鎏 Zone貖濛艆䃼䎨䮽▓鲈 Zone艆 RAID唹蘪苼躏䄂艆厴斴謦抯擾鎏㒂烠，鮭

茾諞厴斴艆 Zoned Storage SSD跹䮽醣諞㛂侒醍艆 Zone羺鲈 Zone俈啟ω鰵俈啟訲曤茾
諞艆䮽詰魍嬝昲締鯁鄦諼蹀 RAID醖鱉，邊曤䮽偤楅醣諞㛂侒醍艆 Zone厴斴醣諞䮽㮮
蹯喣醣镼茲扝鄦諼蹀 RAID醖鱉，忛魍䮽彽髟䒩滷呴粵艆曤啑茾諞厴斴艆 Zone鄦諼蹀
RAID醖鱉䮽唹醣諞厴斴艆 Zone鄦諼蹀 RAID醖鱉艆呴粵啑鮭侜㡟䅄瀃㫥ń扙踃䮽疇
偤㫥ń厴斴㩶懗ω灑漁鎂咵訲啺㛙，
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䅳澏躏侱䮽鮭 ZNS醍呴粵 RAID㫢䈏㒂㓤龐 Seq Zones醍艆 RAID誺熰䃼䎨，RAID
0醪 RAID 1艆㭅㪛茾唹誐醖䮽鍓 RAID 5ωRAID 6訲燒䈏㒂鮭 Seq Zone醍呴粵桏侜棅
艆 RAID 誺熰，㫣鲠誺熰䈏㒂旛鬓趻酘㫥酩澐呴粵謔跷 Zones 艆㛿膩醽叀ω燭厵諞澐
膩籮訲渦镼，彽髟啺㛙鎏 RAID 5艆誺熰䮽邊曤㫚ń敮楅枀暘醣絒嶌，鮭 ZNS醍呴粵
RAID 5ωRAID 6訲誺熰艆䇍姧㪍俈䮽彽髟龐呭鮭侜㡟䅄瀃㫥ń扙踃，
嫑聳 AquaFS艆 RAID呴粵踹㒂灑蹀跞蟟䯋絡苼 RAID嶧灑漁 RAID，㫣跞蟟 RAID

呴粵艆漁濕鮭鲈䮽絡苼 RAID艆 RAID醖鱉曤蘪苼䮽鍓灑漁 RAID艆 RAID醖鱉曤 Zone，

4.1.1 槽职 RAID震胶雍

鮭ü酘艆 RAID呴粵跹䮽▓梥㰈曤魍蘪苼蹀醖鱉㫥ń斴懧 RAID㭅㪛，魍蘪苼蹀醖
鱉艆 RAID 镼侻廬灑㫚羬謔跷蘪苼艆斴懧郟謚䮽妘▓鲈 Linux 艆鰵㛂侒訲惇㝥嗁抯純
㩹鬓醍艆 RAID渦镼，彽髟謦䒩滷呴粵鎏絡苼 RAID艆渦镼䮽镼侻啑侶跷 ZNS㱘鉙蹀
RAID 0ωRAID 1浤婽，
羺鲈 ZenFS 曤酩跷煥桵酩鞳 POSIX 扝謳艆旛鬓趻酘䮽蠻鳝謐醍桻嗚鲈 RocksDB䮽

忛魍彽髟妘醣镼誐醖鯁襯羬 Linux醍夝羬艆蘪苼㩹鬓 RAID棻呴粵 ZNS艆 RAID渦镼，
桏鉢噴䮽ZNS妘醣曤 Linux鎂咵艆鰵㛂侒䮽綿樬跹妘煥桵唹 ZNS艆 RAID敃愽，鄻㫑
㜇蔜嶧㛈辦䮽彽髟㚨蹀鮭 Linux Kernel綿呴粵唹 ZNS艆 RAID敃愽妘醣粵呴，鲈曤䮽彽
髟䈏㒂鮭 ZenFS艆▓蕧醍呴粵 RAID渦镼，

ZenFS艆斴懧㛿膩啑〓鄻㫑魍醑翹跷嗁漘䯋

1. RocksDB艆 SSTable

2. RocksDB艆MemTable

3. RocksDB艆WAL

4. RocksDB艆 FileSystem

5. ZenFS艆 ZoneFile

6. ZenFS艆 ZoneExtent

7. ZenFS艆 Record

8. ZenFS艆 ZonedBlockDeviceBackend

9. libzbd艆 ZbdlibBackend

10. Linux Kernel茾邁趻酘㜇羬
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蠻跹䮽RocksDB艆 SSTableωMemTableωWALωFileSystem㰈曤 RocksDB艆綿㯳呴
粵䮽ZenFS艆 ZoneFileωZoneExtentωRecordωZonedBlockDeviceBackend㰈曤 ZenFS艆
綿㯳呴粵䮽libzbd艆 ZbdlibBackend曤 ZenFS綿唹 libzbd艆扝謳㬌㱘䮽Linux Kernel茾邁
趻酘㜇羬曤 libzbd殘蹀羬忇尐蠽姁㜇羬 Linux Kernel綿艆㛂侒䖅霧蠽姁艆扝謳䮽桪鄫㫢
曤〓㬤㫑 Linux艆趻酘㜇羬棻呴粵斴懧艆ü㪝，

ZenFS嶧 RocksDB㫢敃愽鎏詁酩蟟斴懧㛿膩昲婽䮽㬤㫑 ZoneFS啑 ZNS跹艆 Zones
魍旛鬓曏啍識旛鬓趻酘跹䮽磠讜㬤㫑旛鬓趻酘艆扝謳棻㛿膩斴懧，㫣蟟昲婽艆斴懧㛿膩

牎蠽偤醑䯋

1. RocksDB艆 SSTable

2. RocksDB艆MemTable

3. RocksDB艆WAL

4. RocksDB艆 FileSystem

5. ZenFS艆 ZoneFile

6. ZenFS艆 ZoneExtent

7. ZenFS艆 Record

8. ZenFS艆 ZonedBlockDeviceBackend

9. ZoneFS艆 ZoneFSBackend

10. Linux Kernel VFS扝謳

麶磠㫣蟟昲婽㬤㫑 ZoneFS 啑 ZNS 跹艆 Zones 魍旛鬓曏啍識旛鬓趻酘跹䮽邊曤
ZoneFS妘醣曤酩跷㬤羬艆旛鬓趻酘䮽呂鳝鳝曤酩跷啑 ZNS跹艆 Zones魍旛鬓艆嫬婽曏
啍識旛鬓趻酘跹艆旛鬓趻酘，ZoneFS妘醣敃愽旛鬓艆賒婞ω紳䅳ω㳙嚳謨訲撉殘䮽旛
鬓艆㛿膩撉殘謦敃愽醣呑絡䮽鍓醺㫢〓媄籮桏侶艆叀嬌 IO槩䮽忛魍彽髟妘煥桵㬓愙㬤
㫑 ZoneFS棻呴粵 ZNS艆 RAID渦镼，
彽髟㬓愙鮭 ZenFS艆 ZonedBlockDeviceBackend嗁呴粵 ZNS艆 RAID渦镼，Zoned-

BlockDeviceBackend嗁曤 ZenFS跹諊絒斴懧讜覚艆嗁䮽呂曤 ZenFS醪 libzbd徍 ZoneFS
躏䄂艆扝謳嗁䮽㠣㠧啑 ZenFS 艆斴懧㛿膩㛻烠㩶懗蹀 libzbd 徍 ZoneFS 艆斴懧㛿膩㛻
烠，

彽髟㬤㫑酨恑ZonedBlockDeviceBackend棻呴粵ZenFS綿艆斴懧RAID渦镼，Zoned-
BlockDeviceBackend艆酨恑貖躒偤躒 18忛蛬，

AbstractRaidZonedBlockDevice醑艆Raid0ZonedBlockDeviceωRaid1ZonedBlockDevice
嶧 RaidCZonedBlockDevice戰蹀絡苼 RAID艆呴粵，蠻跹䮽Raid0ZonedBlockDevice呴粵
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躒 18: ZonedBlockDeviceBackend酨恑貖躒

鎏 RAID 0艆渦镼䮽Raid1ZonedBlockDevice呴粵鎏 RAID 1艆渦镼䮽RaidCZonedBlock-
Device呴粵鎏 RAID C艆渦镼，

RAID C曤彽髟靑呭蹴艆酩蟟誐醖 RAID樲婽䮽呂㬤㫑 Zones艆諼妘棻呴粵誐醖艆
斴懧愸諼㭅㪛䮽戰啑侶跷 Zone諼妘蹀酩跷 Zone䮽磠讜啑斴懧膩籮識諼妘讜艆 Zone跹，
RAID C艆呴粵偤躒 19忛蛬，

躒 19: 絡苼 RAID艆斴懧戶壆

澏暘侶跷䮹𝑚 跷䮺㛂侒醍呴䅓叀鮭艆 Zones諼妘蹀酩跷俈艆㭅㪛 Raid Zone䮽斴懧
啑〓慇䎊姁辭漘膩籮 Dev Zone 𝑛𝑖䮹0 ≤ 𝑖 < 𝑚䮺，澏 RAID C浤婽叀鮭艆嶭蹴曤䮽嫬彺酩
跷誐醖艆 Zone諼妘㭅㪛䮽締鲈讜酼婥儼姇羬，蠻跹䮽Dev Zone 𝑛𝑖 灑濕蹀棻靑觿 𝑖跷㛂

侒艆觿 𝑛跷 Zone，
RAID 0嶧 RAID 1艆呴粵醪ü酘艆 RAID 0嶧 RAID 1艆呴粵貖鋇䮽RAID 0啑斴懧

灑斚膩籮侶跷㛂侒跹䮽RAID 1啑斴懧膩籮侶跷㛂侒跹艆酩跷，RAID 0嶧 RAID 1艆呴
粵跹艆斴懧戶壆醪 RAID C䮹躒 19䮺▓梥酩靦，
ü酘鰵㛂侒醍 RAID 0艆墝殘燭絒偤醑䯋[¹²]

1. 斴懧⺔灑銻彺釃呭俈啟艆鰵，
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2. 㫣鲠鰵慇礡酩呭艆㓅燒䮽偤㩸牎徍慇鰵鲫桟䮽灑㱘識醣諞艆窷絒蘪苼䖅霧鏜醍，

3. 瀭跷蘪苼䖅霧鏜詘叀嬌酩㯳灑斴懧䮽螻澏忛桵蘪苼䖅霧鏜㰈詰魍諞暘㛿膩斴懧䮽鞫
鍓抯䗬鎏㛿膩㬩姧，

4. 嫑䈏㒂㛿儐斴懧暘䮽RAID扟視鏜〓鞫忛桵䖅霧鏜跹㛿儐斴懧鰵䮽磠讜啑呂髟鄦諼
彺呑斺艆斴懧鰵䮽妘啑蠻儼㬋酇㛻烠斴懧艆踹梻，

RAID 0鮭膩籮暘䮽啑〓啑斴懧灑斚膩籮侶跷㛂侒跹，貖鋇鲈ü酘鰵㛂侒艆 Block
Size䮽ZNS謦曤桵桪啟膩籮醖鱉艆䮽謦曤 Block Size，RAID 0鮭㛿膩暘䮽詰魍啑㛿膩㛻
烠灑銻蹀醣諞艆 Block Size艆㛿膩㛻烠䮽磠讜唹㫣鲠㛻烠㳙昣諼妘戶姁䮽謬㜇羬姈嗁艆
㛿膩扝謳，

嫑聳彽髟艆呴粵跹䮽RAID 0艆呴粵▓梥醪ü酘 RAID 0酩靦，漁灑艆砊桵魍醑翹
跷䯋

1. 斴懧䈏㒂魍 Zone 蹀醖鱉賄鄦鄪䮽鍓醣曤魍㛂侒蹀醖鱉，戰醪ü酘 RAID 0 艆桪
讜謐醍嗁姇羬抯純酩跷惇㝥蘪苼㛂侒醣諞䮽彽髟䈏㒂謐醍嗁姇羬抯純侶跷惇㝥艆

Zones，

2. 斴懧⺔灑蹀醣諞艆 Block Size艆鰵䮽灑嬮喸㳛啟，

3. 嫑䈏㒂㛿膩斴懧暘䮽RAID 0〓啑㛿㛻烠灑銻蹀醣諞艆 Block Size艆㛿膩㛻烠䮽磠
讜唹㫣鲠㛻烠㳙昣諼妘戶姁䮽謬㜇羬姈嗁艆㛿扝謳，

4. 㳓羬鎏 Direct IO窩㬩昲橅䮽戰酁㫑 Page Cache䮽茲扝㛿膩㛂侒，

5. 㳓羬鎏 io_uring窩㬩昲橅䮽戰襯羬 io_uring殘蹀婩澐 IO橂楪䮽抯䗬 IO郟謚㳛，

RAID0艆斴懧戶傷㭅㪛偤醑躒忛蛬䯋

躒 20: RAID0斴懧戶傷㭅㪛

魍 RAID 0㛿蹀疇䮽蠻梣鄻 IO～詣艆㛿牎蠽偤醑忛蛬䯋
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1 int Raid0ZonedBlockDevice::Read(char *buf, int size, uint64_t pos,
2 bool direct) {
3 #ifndef AQUAFS_RAID_URING
4 // split read range as blocks
5 int sz_read = 0;
6 int r;
7 while (size > 0) {
8 auto req_size =
9 std::min(size, static_cast<int>(GetBlockSize() - pos % GetBlockSize()));

10 r = devices_[get_idx_dev(pos)]->Read(buf, req_size, req_pos(pos), direct);
11 if (r > 0) {
12 size -= r;
13 sz_read += r;
14 buf += r;
15 pos += r;
16 } else {
17 return r;
18 }
19 }
20 return sz_read;
21 #else
22 // ...
23 #endif
24 }

魉蔃㭅㪛踹㒂蹀䮽瀭漘㛻烠桪侶㛿儐酩跷 Block Size艆斴懧䮽磠讜啑㛿儐艆斴懧愸
扝識 buf跹䮽茲識㛿儐呑瀶，蠻跹䈏㒂侶漘㳙侜㚥誺斴懧灑鰵艆㛂侒鱉鉙嶧鰵鱉鉙䮽鲈
曤㫣㳘襯羬鎏 get_idx_dev嶧 req_pos韌斴棻寘㬩㚥誺㛂侒鱉鉙嶧鰵鱉鉙，㫣鲠韌斴⺔
呴粵鮭 AbstractRaidZonedBlockDevice嗁䮽魍締蠻厵貖詰魍寘㬩㜇羬蠻㭅㪛，
鮭醍㫺魉蔃跹䮽彽髟啑㛿㛻烠灑銻蹀醣諞艆 Block Size艆㛿㛻烠䮽磠讜㜇羬姈嗁艆

㛿膩扝謳，㫣樫賄艆偟侌曤䮽詰魍啑㛿㛻烠灑斚識侶跷㛂侒跹䮽鞫鍓抯䗬㛿屜镼，醣㫑䮽

醍㫺魉蔃跹蠻呴妘煥桵餅粵 RAID 0艆侶㛂侒㛿～詣䮽㫢曤醖鄟蠽㛿儐，彽髟鮭讜旛跹
呴粵鎏▓鲈 uring艆侶㛂侒妘ń㛿～詣，
䅳鎏㛿膩㭅㪛䮽RAID㫢䈏㒂惇㝥擾 Zones艆酘酩諊絒，醍嗁㩹鬓襯羬鎏 RAID謐

醍抯純艆惇㝥 RAID Zones䮽㮮蹯唹㫣鲠惇㝥 RAID Zones艆謔蟟 Zone撉殘謦姇嫑㡻識
殘羬，疇偤䮽唹 RAID 0/1 Zone艆㳙鉙撉殘姇嫑怱斚識㫣跷 RAID Zone唹姇艆忛桵 Dev
Zones䯌唹烠酩跷 RAID Zone艆㭅㪛膩慅㾕鍋䮽謦姇㛩慇礡 RAID㭅㪛㚥誺㭅㪛 RAID
Zone綿艆咵㳛䮽磠讜㚥誺墯羬咵㳛䮽桪讜㚥誺擾㭅㪛膩慅㾕鍋，唹 Zones艆CloseωFinish
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訲撉殘艆㭅㪛貖鋇，

嫑襯羬絡苼 RAID 1艆暘綱䮽㫢桵跷詰魍～詣艆砊䮽戰嫑鄦彺 RAID艆㛂侒艆厴斴
茾諞暘䮽羺鲈㫣鲠㛂侒艆 Zone俈啟茾諞䮽螻澏詰魍啑㫣鲠㛂侒艆 Zone酩酩唹姇㡻棻䮽
鞫鍓師羬膩慅㾕艆唹姇邁趻䮽醣䈏㒂唹㛻烠㫥ń薩灑䮽遷㪅鎏酩鲠㚥誺醍艆婥䀍，

4.1.2 缺撄澄瘁 RAID震胶雍

灑漁 RAID 艆呴粵醪絡苼 RAID 艆呴粵貖鋇䮽邊曤彽髟鮭㭅㪛 Raid Zone 嶧呴䅓
㛂侒 Zone躏䄂窩醍鎏酩嗁▓鲈 Zones艆曏啍，㫣鲠曏啍曤㬤㫑 ZenFS艆 Record膩籮
MetaZones綿艆䮽啑鮭瀭漘旛鬓趻酘窩㪇艆暘綱㬚澐㛿儐窩㪇曏啍㭅㪛，
窩醍㫣酩嗁曏啍躏讜䮽灑漁 RAID艆斴懧戶壆㭅㪛詰镼偤躒 21忛蛬，

躒 21: 灑漁 RAID艆斴懧戶壆

Zone Raid 𝑛蹀謐醍嗁柗䉁擾艆詰㛿膩斴懧 Zone漁╨䮽鍓蠻跹詰魍叀鮭侶蟟醣諞艆
RAID㭅㪛徍曏啍貖濛，
鮭蛬疇躒 21跹䮽Dev Zone 𝑥 ァ蛬棻靑醣諞徍茾諞㛂侒艆㛂侒醍窷絒叀鮭艆 Zone，

偤楅㫣跷 Raid Zone⺔㱘鉙蹀 RAID 1䮽燒 Dev Zone 𝑎嶧 Dev Zone 𝑒啑諞暘魍 RAID 1斴
懧餒財昲婽蹀 Raid Zone 𝑛艆聳蟯灑躏酩斴懧抯純桻嗚䮽蠻骶 Dev Zones羺鲈煥桵曏啍䮽
啑蟈㬊識 RAID C㭅㪛抯純斴懧叀嬌桻嗚，餁㫣跷 Raid Zone⺔㱘鉙蹀 RAID 0䮽燒 Dev
Zone 𝑎嶧 Dev Zone 𝑒啑諞暘魍 RAID 0斴懧灑斚昲婽蹀 Raid Zone 𝑛艆聳蟯灑躏酩斴懧
抯純桻嗚䮽蠻骶 Dev Zones羺鲈煥桵曏啍䮽啑蟈㬊識 RAID C㭅㪛抯純斴懧叀嬌桻嗚，
呴䅓魉蔃呴粵醍䮽䅳鎏醍㫺曏啍㭅㪛侌絒䮽㫢桵㚼侶鄩頶䈏㒂鍈鹴，

噎佑惯旄牖缟狐棺澄鹕蜿䯋鮭惇㝥 RAID Zone㳘艆 Zones跹䮽㫣鲠鰵詰魍棻靑醣
諞艆㛂侒䮽謦詰魍棻靑諞酩跷㛂侒，邊曤蹀鎏桪俈詣師羬 ZNS艆夀咺䮽彽髟䈏㒂喸㳛
啑斴懧灑斚膩籮醣諞艆㛂侒跹，

戟 Zones瑗缠鹕蜿䯋羺鲈彽髟玌窩艆曏啍㭅㪛䮽襯嬮彽髟艆斴懧戶壆醣謬曤㫨酼
艆䮽鍓曤魍 Zones蹀醖鱉灑斚艆，㫣喣唽靦鎏彽髟艆㛿膩㛻烠詰镼〓㣬㢎侶跷 Zone，㫣
喣䈏㒂彽髟鮭㛿膩暘䮽䈏㒂啑㛿膩㛻烠灑銻蹀醣諞艆 Block Size艆㛿膩㛻烠䮽磠讜詰镼
唹㫣鲠㛻烠㳙昣諼妘戶姁䮽謬㜇羬姈嗁艆㛿膩扝謳，

鮭㛿徍膩魉蔃跹䮽㬤㫑斴懧瀃灑銻妘㬜嫐㜇羬靑㦱艆昲婽呴粵㣬 Zones 㛿膩艆㛻
烠灑銻䯋
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1 if (static_cast<decltype(zone_sz_)>(size) > zone_sz_) {
2 // may cross raid zone, split read range as zones
3 int sz_read = 0;
4 int r;
5 while (size > 0) {
6 auto req_size =
7 std::min(size, static_cast<int>(zone_sz_ - pos % zone_sz_));
8 r = Read(buf, req_size, pos, direct);
9 if (r > 0) {

10 buf += r;
11 pos += r;
12 sz_read += r;
13 size -= r;
14 } else {
15 return r;
16 }
17 }
18 // flush_zone_info();
19 return sz_read;
20 } else {
21 // ...

千偶调俎鹕蜿䯋羺鲈彽髟曤▓鲈 ZonedBlockDeviceBackend 棻呴粵艆䮽鍓 Zoned-
BlockDeviceBackend桵侶蟟厵貖䮽詰魍曤 libzbdωZoneFS羕靤曤燭棻呴粵艆絡苼 RAID，
蹀鎏㫥酩澐誐詣 IO㜇羬槩䮽彽髟鮭呴粵灑漁 RAID暘䮽鴻呭斴懧讜覚㰈曤 libzbd抯純
艆斴懧㛿膩，㫣鮭躏讜詰魍㫥酩澐～詣䮽魍敃愽桏侶艆斴懧讜覚䮽抯員 RAID㭅㪛艆瞛
牄屜䮽偤玌窩 ZoneFS敃愽ω玌窩 SPDK訲 Kernel bypass昲橅敃愽訲，
结 ZenFS震碴绞岭鹕蜿䯋ZenFS鮭窩㪇艆㫑蠽跹䮽〓唹釃呭艆 MetaZones㫥ń怳

抮䮽㬤㫑Magic Number榸恏識Meta Zones跹艆詰羬艆㢉郼鰵䮽妘㬓愙桪昣艆㢉郼鰵㫥
ń旛鬓趻酘攝僒詣，蹀鎏鎂咵 ZenFS艆Meta Data諊絒㭅㪛䮽彽髟醣镼敓僉MetaZones
艆戶壆䮽謦醣镼敓僉㢉郼鰵艆叀嬌㭅㪛，螻澏䮽彽髟鮭呴粵灑漁 RAID 暘䮽䈏㒂鈍㛅
MetaZones艆戶壆醣僉䮽㢉郼鰵艆叀嬌㭅㪛醣僉䮽魍剴㢉郼鰵艆叀嬌鱉鉙醣僉，忛魍䮽
彽髟鮭呴粵灑漁 RAID 暘䮽啑 MetaZones 艆戶壆嶧㢉郼鰵艆叀嬌鱉鉙㰈釃呭鮭鎏觿酩
跷㛂侒醍䮽㫥ń曏啍艆㫨酼㭅㪛䎔灑㱘䮽㫣樫喣詰魍鈍㛅 ZenFS艆鎂咵屜䮽襯嬮 ZenFS
鮭窩㪇灑漁 RAID暘䮽詰魍澋夝窩㪇，
鮭賒婞徍㛿儐旛鬓趻酘暘艆䎔灑㱘曏啍䯋

1 // create temporal device map: AQUAFS_META_ZONES in the first device is used
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2 // as meta zones, and marked as RAID_NONE; others are marked as RAID_C
3 for (idx_t idx = 0; idx < AQUAFS_META_ZONES; idx++) {
4 for (size_t i = 0; i < nr_dev(); i++)
5 allocator.addMapping(idx * nr_dev() + i, 0, idx * nr_dev() + i);
6 allocator.setMappingMode(idx, RaidMode::RAID_NONE);
7 }

蹀鎏諊絒灑漁躏䄂艆曏啍邁趻䮽彽髟㬤㫑鄦諼艆昲婽呴粵鎏酩跷灑漁灑㱘鏜 Zon-
eRaidAllocator，蠻詰魍諊絒灑漁艆曏啍邁趻䮽魍剴灑漁艆 RAID 㭅㪛，蠻踹㒂扝謳偤
醑䯋

1 Status addMapping(idx_t logical_raid_zone_sub_idx, idx_t physical_device_idx,
2 idx_t physical_zone_idx);
3 void setMappingMode(idx_t logical_raid_zone_idx, RaidModeItem mode);
4 void setMappingMode(idx_t logical_raid_zone_idx, RaidMode mode);
5

6 int getFreeDeviceZone(idx_t device);
7 int getFreeZoneDevice(idx_t device_zone);
8 Status createMapping(idx_t logical_raid_zone_idx);
9 Status createMappingTwice(idx_t logical_raid_zone_idx);

10 Status createOneMappingAt(idx_t logical_raid_zone_sub_idx, idx_t device,
11 idx_t &zone);
12 void setOffline(idx_t device, idx_t zone);

蠻詰魍抯純曏啍邁趻艆榸㛦ω亯窩ω紳䅳ω煩敓訲渦镼䮽魍剴抯純 Raid Zone忛灑
㱘艆 RAID㭅㪛艆榸㛦ω亯窩ω紳䅳ω煩敓訲渦镼，
諞暘䮽呂㫢抯純鎏 setOffline渦镼䮽詰魍鮭儼粵㛂侒敩䆫暘䮽啑敩䆫㛂侒艆忛桵灑

漁㛂鉙蹀 Offline笴尐䮽魍締讜酼艆敩䆫侌絒，

4.1.3 澄瘁 RAID启裢蝴佑

鮭灑漁 RAID敩䆫侌絒昲䉱䮽彽髟呴粵鎏▓鲈灑漁 RAID艆敩䆫侌絒昲橅，蠻踹㒂
屌㣳曤䮽嫑儼粵㛂侒敩䆫暘䮽啑敩䆫㛂侒艆忛桵灑漁㛂鉙蹀 Offline笴尐䮽磠讜啑忛桵
艆灑漁㳙昣曏啍識蠻骶㛂侒醍䮽魍鈍㛅斴懧艆詰羬屜，

羺鲈鮭㜇蔜跹彽髟儼粵䮽Nand Flash謐醍抯純艆斴懧酩鞳塏桵 ECC樋䖠嶧郲䀦䮹㓂
覅頶??䮺䮽醺 ZenFS跹艆 Record謦桵 CRC樋䖠嶧䮽忛魍彽髟㚨蹀鮭斴懧ü㪝㫑蠽跹䮽
㪍啢瀴竏斴懧艆呑斺屜曤詰魍鈍㛅艆[¹³]，忛魍䮽彽髟鮭呴粵灑漁 RAID敩䆫侌絒暘䮽鳝
鍈鹴俈鰵斴懧艆呑斺屜峆侜䮽鍓醣鍈鹴啟鰵斴懧艆呑斺屜，

1 // 鮭斴懧撉殘韌斴跹
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2 if (r < 0) {
3 auto status = ScanAndHandleOffline();
4 if (status.ok()) {
5 // retry this read
6 return Read(buf, size, pos, direct);
7 } else {
8 Error(logger_, "failed to restore data: %s", status.getState());
9 return r;

10 }
11 }

ScanAndHandleOffline韌斴啑怳抮嫑聳忛桵苼艆斴懧笴尐䮽偤楅儼粵桵苼侌鲈 Of-
fline笴尐䮽燒啑忛桵艆灑漁㳙昣曏啍識蠻骶㛂侒醍䮽妘樭懧 RAID㭅㪛㫥ń斴懧峆侜，
嫑聳羺鲈鳝呴粵鎏 RAID 0嶧 RAID 1艆斴懧㭅㪛䮽忛魍枀暘鳝敃愽 RAID 1灑漁

艆斴懧峆侜，嫑儼粵 RAID 1灑漁艆斴懧醣酩靦暘䮽啑㳙昣㬓愙酩跷 Dev Zone䮽啑斴懧
峆侜識昣艆 Dev Zone醍，

嫑聳艆敩䆫侌絒㭅㪛㫢茾唹瀴㪍誐醖䮽鮭侜㡟跹呴粵桏侶 RAID㭅㪛讜䮽啑㫥酩澐
敓㫥澏㯳灑艆敩䆫侌絒㭅㪛，

鮭侜㡟跹彽髟呴粵鎏 RAID5艆敩䆫侌絒㯳灑䮽RAID5艆㭅㪛楪椦偤醑躒忛蛬䯋
㬤㫑啑醣諞㛂侒艆 zone諼妘彺酩跷俈艆 zone䮽謬䧽㚨啑桪讜酩跷㛂侒艆 zone㛂鉙

彺樋䖠 zone䮽詰魍呴粵誐醖艆絡苼 RAID5㭅㪛䮽㫣樫鮭酩鰵 zone擾粵䀦㛳讜䮽詰魍師
羬酩鰵 RAID5 zone跹艆蠻財 zone㫥ń斴懧峆侜，

4.2 AquaFS震 IO疮飙胶雍
鮭醍旛跹䮽彽髟墯鄻鞒鄷鎏 AquaFS艆 RAID昲橅䮽邊曤羺鲈曤瀴㪍攝郼艆穵梥䮽

嬝侶魉蔃妘煥桵㫥ń妘ń～詣䮽鞯磠曤醖鄟蠽艆，忛魍䮽彽髟鮭呴粵 IO窩㬩昲䉱䮽踹
㒂曤唹 RAID醑艆 IO撉殘㫥ń妘ń～詣，

鮭彽髟呴粵躏聳䮽ZenFS艆 IO～詣踹㒂曤鞫 RocksDB跹酨恑鍓棻，RocksDB跹詰
魍襯羬Direct IO[¹⁴]棻㛿膩旛鬓䮽魍㮊陸斴懧鮭羬忇尐嶧綿樬尐躏䄂艆愱㠡，蠻Direct IO
～詣晹詰魍羬鲈 RocksDB艆 PosixFileSystem夝㓅旛鬓趻酘讜覚䮽謦詰魍羬鲈 RocksDB
艆 ZenFS旛鬓趻酘讜覚，

Direct IO踹㒂艆～詣㭅㪛曤䮽啑羬忇尐艆斴懧醽盤漁茲扝曏啍識綿樬尐艆䎅醽叀
跹䮽鞫鍓㮊陸鎏斴懧鮭羬忇尐嶧綿樬尐躏䄂艆愱㠡，㬤㫑 Direct IO忺婥艆㛂侒䮽鞫㛂
侒跹驒嬮艆斴懧啑茲扝膩籮鮭羬忇尐艆斴懧醽盤漁跹䮽鍓醣曤滷膩籮綿樬尐艆䎅醽叀

跹䮽鞫鍓遷啢鎏酩漘斴懧愱㠡，

Direct IO艆襯羬謦䉭夝誐醖䮽詘䈏㒂鮭忺婥旛鬓暘䮽啑 O_DIRECT槨宲ü籮戰詰，
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躒 22: RAID5呴粵昲婽
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邊曤䮽羺鲈 Direct IO艆襯羬䈏㒂瓑㢷酩鲠棴鬓䮽偤旛鬓艆劃蠧㳛嶧䂍姧䈏㒂曤嫑聳趻
酘綿叀䎅俈啟艆斺斴訃䮽忛魍鮭襯羬 Direct IO暘䮽䈏㒂唹㛿膩唹姇艆綿叀醽盤漁鯁鯝
嶧䂍姧㫥ń唹䩵，滿餅唹䩵昲婽蹀襯羬 posix_memalign韌斴棻羾㛻綿叀䮽扟視厴斴啑
羾㛻艆綿叀鯁鯝唹䩵識嫑聳趻酘綿叀䎅俈啟艆斺斴訃，

1 ret = posix_memalign((void**)&buffer, sysconf(_SC_PAGESIZE), phys_sz);

彽髟儼粵䮽鮭彽髟艆窩㬩昲橅跹䮽Direct IO詰魍醪桏侶艆 IO窩㬩昲橅妘叀，偤鮭
彽髟艆窩㬩昲橅跹䮽彽髟詰魍襯羬 io_uring棻窩㬩 IO撉殘䮽鍓 io_uring謦詰魍醪 Direct
IO妘叀，
鮭窩㬩昲橅㬓愙醍䮽彽髟㬓愙鎏 io_uring昲橅，嫑聳 Linux趻酘醍桵㚼侶 IO窩㬩

昲橅䮽偤 AIOωio_uringωlibaio訲䮽偤躒 23忛蛬，

躒 23: IO窩㬩昲橅

io_uring曤 kernel natvie aio艆酩蟟䮽呂曤LinuxKernel 5.1穵梥窩籮酩跷竏屜，io_uring
糶酁䗬敮㫥ń㛂㚥䮽蠻㛂㚥鎏酩唹麥鲴艆 ring buffer羬鲈姇羬嶧綿樬躏䄂艆㬤額䮽㬤㫑
㛩㛂㚥呴粵鎏偤醑艆醐跷偟侌䯋

1. 㮊陸鮭抯鲫嶧呑彺鲅鬓跹叀鮭綿叀愱㠡䯌

2. 㮊陸鎏 libaio跹鮭抯鲫嶧呑彺縻嗚艆暘綱趻酘㜇羬㫑蠽䯌

3. 㛩䄭傷㳓羬鎏晵䀎艆㛃䃼浤婽䮽㬤㫑綿叀嗞䆫遷啢鎏覂鱿，

io_uring艆襯羬謦䉭夝誐醖䮽詘䈏㒂抯鲫 SQE識 ring buffer跹䮽磠讜訲嬚 CQE戰
詰，羺鲈蠻誐醖襯羬ω䗬敮艆㛂㚥䮽彽髟㬓愙鎏 io_uring殘蹀彽髟艆 IO窩㬩昲橅，
蠻呴 io_uring 鮭 RocksDB 艆 PosixFileSystem 旛鬓趻酘讜覚跹墯鄻桵詰㬓艆呴粵䮽

邊曤呂妘煥桵⺔呴粵識 ZenFS讜覚跹䮽ZenFS艆斴懧㛿膩㫢曤詘镼襯羬 Direct IO㫥ń
～詣，鲈曤䮽彽髟鮭 ZenFS艆旛鬓趻酘讜覚跹呴粵鎏 io_uring艆～詣䮽鞫鍓㫥酩澐窩㬩
鎏 ZenFS艆 IO撉殘，
蹀鎏㫥酩澐亯俈 IO窩㬩艆敮楅䮽彽髟㫢呴粵鎏 IO撉殘艆恈侌絒，鮭燭穵 ZenFS

跹䮽IO撉殘曤魍醖跷趻酘㜇羬艆嫬婽㫥ń艆䮽戰瀭漘 IO撉殘㰈曤醖跷㛻烠，邊曤偤楅
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啑侶跷 IO撉殘忺堯彺酩跷恈侌絒㛻烠䮽詰魍㫥酩澐抯䗬 IO撉殘艆敮籷䮽喎蠻曤醖 IO
㛻烠艆敮籷，

蹀鎏呴粵 IO撉殘艆恈侌絒䮽彽髟鮭 AquaZFS艆旛鬓趻酘讜覚跹呴粵鎏 IO㛻烠艆
灑銻嶧諼妘䮽妘啑㛻烠絡㯳忺堯彺酩跷恈侌絒㛻烠䮽磠讜酩漘屜抯鲫酇 io_uring䮽鞫鍓
呴粵鎏 IO撉殘艆恈侌絒，
䅳鎏醍㫺～詣侌絒䮽彽髟㫢襯羬 C++ 20艆閲蠽竏屜䮽㫥酩澐亯俈鎏魉蔃艆妘ń屜，

鮭㜇蔜㫑蠽跹䮽彽髟恏識鎏酩跷 C++呴粵艆 io_uring鄽呭姅䮽蠻謐侱抯純鎏閲蠽扝謳䮽
詰魍鮭閲蠽跹襯羬 io_uring，彽髟啑蠻蠧歑識鎏 AquaFS跹䮽鞫鍓呴粵鎏鮭閲蠽跹襯羬
io_uring，
桵邁㭅㪛詰魍鮭斴懧撉殘茾邁艆韌斴跹恏識䮽偤醑魍㛿斴懧韌斴 Read蹀疇䯋

1 using req_item_t = std::tuple<int, char *, uint64_t, off_t>;
2 std::vector<req_item_t> requests;
3 std::vector<ZbdlibBackend *> bes(nr_dev());
4 for (decltype(nr_dev()) i = 0; i < nr_dev(); i++) {
5 #ifdef ROCKSDB_USE_RTTI
6 bes[i] = dynamic_cast<ZbdlibBackend *>(devices_[i].get());
7 assert(bes[i] != nullptr);
8 #else
9 bes[i] = (ZbdlibBackend *)(devices_[i].get());

10 #endif
11 }
12 while (size > 0) {
13 // ...
14 requests.emplace_back(fd, buf, req_size, mapped_pos);
15 // ...
16 }

偤醍忛蛬䮽彽髟䒩滷啑 IO㛻烠灑銻彺侶跷啟艆 IO㛻烠䮽啑㫣鲠㛻烠敎䇕識 std::vector
跹，羺鲈 ZNS敃愽䆞梻㛿䮽忛魍詰茲扝啑 IO㛻烠窩籮識 std::vector跹䮽鍓晵䈏鍈鹴 IO
㛻烠艆䎊姁，

敎䇕識 IO㛿㛻烠讜䮽彽髟啑㫣鲠㛻烠忺堯彺酩跷恈侌絒㛻烠䮽磠讜酩漘屜抯鲫酇
io_uring䮽偤醑忛蛬䯋

1 uio::io_service service;
2 // ...
3 service.run([&]() -> uio::task<> {
4 std::vector<uio::task<int>> futures;
5 for (auto &&req : requests) {
6 uint8_t flags = 0;
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7 // read do not need order
8 // if (req != *req_list.second.cend()) flags |= IOSQE_IO_LINK;
9 futures.emplace_back(service.read(std::get<0>(req), std::get<1>(req),

10 std::get<2>(req), std::get<3>(req),
11 flags) |
12 uio::panic_on_err("failed to read!", true));
13 }
14 for (auto &&fut : futures) co_await fut;
15 }());

鮭殘蹀踱疇艆 Read韌斴跹䮽彽髟䒩滷賒婞鎏酩跷 service唹㝥䮽磠讜襯羬 run昲熰
塤霧閲蠽䮽鮭閲蠽跹㬚跷啑㛻烠抯鲫識 SQE 跹䮽磠讜訲嬚忛桵艆 CQE 戰詰，㫣㳘艆
flags厴斴羬鲈慅呭 IO㛻烠艆嘂屜䮽偤 IOSQE_IO_LINKァ蛬㛩 IO㛻烠曤酩跷恈侌絒㛻
烠跹艆酩㯳灑，羺鲈彽髟艆 IO㛻烠曤晵姁艆䮽忛魍彽髟醣䈏㒂襯羬 IOSQE_IO_LINK，

鮭膩撉殘茾邁艆韌斴跹䮽茾瀴鲈㛿撉殘䮽㫢䈏㒂▓鲈 ZNS艆䎊姁膩竏屜鍈鹴桏侶
艆螻踁䮽偤醑忛蛬䯋

1 using req_item_t = std::tuple<char *, uint64_t, off_t>;
2 // <dev, zone> -> vec<ordered req>
3 std::map<std::pair<int, idx_t>, std::vector<req_item_t>> requests;

彽髟䒩滷啑 IO㛻烠慇礡㛂侒嶧 Zone姁誚㫥ń灑鄦䮽磠讜啑瀭跷 Zone綿艆 IO㛻
烠慇礡䎊姁㫥ń戶姁䮽桪讜啑㫣鲠㛻烠敎䇕識 std::vector跹，鍓鮭抯鲫 IO㛻烠暘䮽彽
髟䈏㒂啑㫣鲠㛻烠慇礡䎊姁辭漘抯鲫，

岀躏䮽彽髟鮭 AquaFS跹呴粵鎏 io_uring嶧 C++20閲蠽艆～詣䮽鞫鍓㫥酩澐窩㬩鎏
AquaFS艆 IO撉殘，

4.3 氚创谦澳劬塬 ExtFS震胶雍
蹀鎏㫥酩澐抯䗬 AquaFS艆屜镼䮽彽髟㫢呴粵鎏㪏務旛鬓趻酘 ExtFS，
ExtFS曤酩跷▓鲈 Ext2旛鬓趻酘艆㪏務旛鬓趻酘䮽蠻踹㒂羬鲈㪏務叀嬌 AquaZFS

艆盧斴懧䮽偤旛鬓艆盧斴懧ω茥嫕艆盧斴懧ω旛鬓艆斴懧鰵曏啍ァ訲䮽諞暘詰魍灑惒

AquaZFS 艆侌絒執穩，鮭 RocksDB 斴懧㳛竏濕俈艆暘綱䮽AquaFS 艆盧斴懧㳛諞樫㪍
俈䮽羕靤詰镼竈羬翹跷 GiB艆綿叀䮽忛魍彽髟詰魍㬓愙啑蠻叀嬌鮭 ExtFS跹䮽鞫鍓酩
呭蠽姧醍遷啟 AquaFS唹踹梻艆綿叀執穩，
羺鲈澏旛鬓趻酘㛂㚥艆暘綱䮽彽髟枀梣㬓呭 ZenFS殘蹀▓蕧厴鍈䮽忛魍嫑聳 ExtFS

艆㛂㚥曤厴礡 Ext2呴粵艆䮽鎂咵 Ext2 rev0.0穵梥，ExtFS艆▓梥壆喿偤躒 24忛蛬䮽蠻
inode唻鯝昲婽偤躒 25，
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躒 24: ExtFS▓梥壆喿

躒 25: ExtFS inode唻鯝昲婽
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嫑聳䮽ExtFS艆▓梥壆喿醪 Ext2▓梥酩靦䮽踹㒂堯愡㢉郼鰵ω鄦抮㫺觹ァω踃媄頶
砊ァω斴懧鰵漁╨訲，蠻跹䮽㢉郼鰵羬鲈叀嬌旛鬓趻酘艆▓梥額峕䮽偤旛鬓趻酘艆俈啟ω

踃媄頶砊ァ艆㡻僒鱉鉙ω斴懧鰵漁╨艆㡻僒鱉鉙訲，鄦抮㫺觹ァ羬鲈叀嬌瀭跷鄦艆額

峕䮽偤踃媄頶砊鱉躒艆㡻僒鱉鉙ω斴懧鰵鱉躒艆㡻僒鱉鉙ω踃媄頶砊ァ艆㡻僒鱉鉙訲，

踃媄頶砊ァ羬鲈叀嬌旛鬓艆盧斴懧䮽偤旛鬓艆俈啟ω旛鬓艆棆䅞ω旛鬓艆賒婞暘䄂訲，

斴懧鰵漁╨羬鲈叀嬌旛鬓艆斴懧鰵，

羺鲈 ZNS 詰魍敃愽 Conv Zones䮽㫣鲠 Zones 醪 Seq Zones 麥叀鮭諞酩跷㛂侒跹䮽
忛魍彽髟詰魍啑 ExtFS 艆斴懧鰵漁╨ωinode 漁╨訲䈏㒂燭鯁桏昣艆斴懧叀嬌鮭 Conv
Zones跹，

Ext4唹鲈㫨酼俈旛鬓叀嬌艆㾕唹屜～詣曤呂艆 Extent鄿椦，Extent曤酩蟟㫨酼艆
斴懧鰵䮽呂詰魍叀嬌侶跷斴懧鰵䮽鞫鍓遷啢踃媄頶砊艆斴㳛䮽抯䗬旛鬓趻酘艆屜镼，鮭

ExtFS跹䮽彽髟詰魍呴粵酩蟟叀嬌鮭 Seq Zones醍艆 Extent鄿椦䮽鞫鍓㫥酩澐抯䗬 ExtFS
艆屜镼嶧蘪苼師羬籷，

嫑聳䮽ExtFS艆呴粵㫢醣呑檣䮽彽髟㫢煥桵呴粵 ExtFS艆晽宲趻酘ωExtent鄿椦訲，
粵鮭艆 ExtFS曤▓鲈 Rust㛱㔁嶧 FUSE扝謳呴粵艆酩跷誐醖艆 inode旛鬓趻酘䮽妘醺桵
酩跷綿婞艆鰵醽叀趻酘，醣㫑鄻㫑侶蟟牞㛙䮽呂艆呴粵▓梥曤煥桵䃼䎨艆，嫑聳 ExtFS
鞯磠鮭婞㛂嫑跹䮽彽髟啑鮭讜酼艆墝殘跹㫥酩澐呑檣 ExtFS艆㛂㚥，ExtFS艆叀鮭詰魍
電㫥彽髟唹鲈>諼旛鬓趻酘艆蔜裬䮽諞暘謦詰魍蹀讜酼艆墝殘抯純酩跷▓蕧，

4.4 AquaFS谦澳劬塬震缺撄璀灯饲惯胶雍
杮镼㜇厴浤鰵昲䉱䮽呴粵鎏▓鲈昲墪艆㳙㒂厴斴㬓愙昲橅嶧▓鲈䗬昢㫑蠽蟈嫐艆

厴斴㜇斺昲橅，

躒 26: AquaTurnner杮镼㜇厴浤鰵

偤躒 26忛蛬䮽AquaTurnner杮镼㜇厴浤鰵踹㒂羺醐㯳灑鄦彺䮽⺔㜇唹㝥䮽梥旛跹曤

53



AquaFS䮽癥詬斴懧叀嬌骰姅䮽魍剴㜇厴鲅嗚鄦彺䮽㜇厴鲅嗚剄堯愡㬓愙厴斴㬓愙浤鰵
嶧䗬昢㫑蠽蟈嫐㜇斺厴斴浤鰵，

䒩滷䮽AquaFS䈏㒂䎔硧鯁㫚ń䮽敎䇕識醣諞厴斴㱘鉙醑艆茥槨慅槨䮽梥旛跹襯羬
艆曤郟謚㳛慅槨䮽啑唹姇艆厴斴㱘鉙嶧茥槨慅槨鍋叀籮斴懧骰姅跹，鮭攝漘䎔硧躏讜䮽

讜酼醣䎋㒂䎔硧䮽䅳䉭窩籮鎏昣艆厴斴慅槨，

鍈鹴識 AquaFS 殘蹀 RocksDB 艆抲鬓叀鮭䮽鮭梥旛跹襯羬 RocksDB 艆牞㛙閰梥
db_bench棻牞㛙趻酘艆郟謚㳛䮽㳓羬 prometheus殘蹀敎䇕斴懧艆墝滿，鮭㫣跷牞㛙跹䮽
羬敎䇕識艆茥槨慅槨鍋嶧㱘鉙厴斴鍋䮽㱘諼癥詬斴懧骰姅跹艆斴懧䮽棻㫥ń厴斴㬓愙嶧

䗬昢㫑蠽蟈嫐，厴斴㬓愙浤鰵樭懧昲墪慅槨㬓愙桪㳙㒂艆翹跷厴斴䮽䗬昢㫑蠽蟈嫐羬㳙

㒂艆厴斴嶧茥槨慅槨鍋㫥ń愋諼魍剴蟈嫐，

䒩滷唹鲈桪㳙㒂艆厴斴䮽羺昲墪㚥誺艆桪俈鍋唹姇艆厴斴嬮識䯋

𝑉𝑎𝑟 (𝑆) = 1
|𝑆 |

|𝑆 |∑
𝑖=1

(𝑦𝑖 − 𝜇)2

𝑃𝐼 (𝑃) = 𝑉𝑎𝑟 (𝑆) −
𝑁∑
𝑖=1

𝑆𝑃=𝑃𝑖

𝑆
𝑉𝑎𝑟 (𝑆𝑝=𝑝𝑖 )

(1)

㫣㳘艆 𝑦𝑖 曤樫梥跹艆茥槨鍋䮽𝜇曤樫梥茥槨鍋鰈鍋䮽𝑃𝐼 趻斴曤▓鲈昲墪棻㚥誺艆䮽

戰釃呭榗酩跷厴斴艆鍋䮽樭懧厴斴艆鍋曬灑䇕諼䮽鮭瀭跷䇕諼跹烠擾䇕諼跹茥槨鍋艆唹

姇昲墪䮽謬羬攝僒昲墪 𝑉𝑎𝑟 (𝑆) 遷縱㫣跷嶧䮽㫣跷 𝑃𝐼 趻斴㢎俈㛸暷燭棻艆㫣跷厴斴艆

嫾閿㢎俈䮽螻蹀鮭諞酩跷鍋艆嵒噴醑䮽䇕諼綿昲墪艆嶧嬝啟，

蠻漘羺 𝐶𝑃𝐼 慅槨棻㬓愙談財㳙㒂厴斴䯋

𝐶𝑃𝐼 (𝑄 |𝑃 = 𝑝) = 𝑉𝑎𝑟 (𝑆𝑃=𝑝) −
𝑚∑
𝑗=1

𝑆𝑄=𝑄𝑤𝑗 ,𝑃=𝑝

𝑆𝑃=𝑝
𝑉𝑎𝑟 (𝑆𝑄=𝑞𝑖 |𝑃=𝑝)

𝐶𝑃𝐼 (𝑄 |𝑃 = 𝑝) = max
1≤𝑖≤𝑛

𝐶𝑃𝐼 (𝑄 |𝑃 = 𝑝𝑖)
(2)

▓鲈昲墪艆㳙㒂厴斴㬓愙誺熰偤誺熰 1忛蛬，
唹鲈㫨酼厴斴䮽AquaTuner唹鲈厴斴慅槨鮭厴斴餯糶綿酇擾諼㬌艆扠駄厴斴鍋䮽㛩諼

㬌厴斴鍋曤鮭愋諼艆䗬昢㫑蠽浤濛桋鄟醍䮽樭懧鮭桪～㱘鉙厴斴䅒㫛賄悂霧驒嬮䮽謦戰

啺㛙桪～㱘鉙厴斴砊䅒㫛艆厴斴鍋荢茥槨慅槨曤壙桵忛抯員䮽唹鲈蟃斚厴斴䮽AquaTunar
啺㛙魚㱘桪～茥槨慅槨鍋唹姇艆㱘鉙厴斴艆蟃斚鍋，

AquaTuner艆㫚ń誺熰牎蠽偤誺熰 2忛蛬，

4.5 丨诺棺羼饲惯震胶雍

蹀鎏㫥酩澐抯䗬 AquaFS艆屜镼䮽襯嬮㩹薲鬓桏窩閲㜇䮽彽髟㫢呴粵鎏虡懓鰈つ浤
鰵，

54



Algorithm 1 AquaTuner厴斴㬓愙誺熰
Input: adjust_param_num, db_bench_data, data in repository
Output: important_params
1: important_params = []
2: Select the most important param by 𝑃𝐼 (𝑝𝑎𝑟𝑎𝑚), add to important_params;
3: For 𝑖 in adjust_param_num 1:
4: Compute 𝐶𝑃𝐼 for each param that not in important_params;
5: Select the largest 𝐶𝑃𝐼Ⅻs corresonding params to important params;
6: return important_params

䃸叀㰈曤桵啅嚳艆䮽戰䃸叀鰵桵撶膩漘斴䅞視，酩跷䃸叀鰵䮽偤楅蠻撶膩漘斴㢉㫑

酩呭艆鍋䮽㮮蹯㛩鰵喣僉嬮醣㮮蹯詰䉯鎏䮽羕靤僉彺鰭鰵醣镼羬鎏，偤楅醣賄虡懓妑

つ䮽燒桵詰镼擾粵桵鲠䃸叀鰵䎡逩愻棻賄撶膩䮽㫣鲠䃸叀鰵嬝咵暽喣〓啅鄫澋唋，䆞菎

醣昞艆膩鳍䮽㢎棻㢎侶艆鰭鰵擾粵䮽桪讜唽靦 SSD鮭鈍㠬梒聳喣俙敮，
羺鲈 ZNS㛂侒謦曤酩蟟䃸叀㛂侒䮽彽髟龐呭鮭蠻醍呴粵酩跷虡懓鰈つ浤鰵棻浤愋

FTL艆渦镼，
虡懓鰈つ艆呴粵曤玌窩鮭 RAID曏啍嶧姈嗁 zone躏䄂䮽彽髟蹀瀭跷㛂侒醈悘酩跷

槵棻㚴嫕唹姇 zone誚嶧襯羬漘斴䮽諞暘鮭瀭漘灑㱘 zone艆暘綱䮽㬓愙醍漘襯羬漘斴桪
啢艆 RAID zone殘蹀灑㱘唹㝥㫥ń灑㱘，
虡懓鰈つ浤鰵跹醖跷㛂侒蹀鎏虡懓鰈つ忛醈悘艆斴懧鄿椦偤醑躒忛蛬䯋

躒 27: 虡懓鰈つ
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Algorithm 2 AquaTuner厴斴㜇～誺熰
Input: adjust_param_num
Output: recommend_param

data repository <- warm up system and collect data;
2: start db_bench;

db_bench_data = collect data from db_bench;
4: add db_bench_data to data repository;

important_params = Select_Param(adjust_param_num ,db_bench_data, data in reposi-
tory);

6: GP_model = GP_regression(important_params, eb_bench_data, data in repository);
recommend_param = [];

8: For param in history_best_params and important params:
If param is continuous:

10: Try values near the past value, add to recommend_param;
Else if param is discrete:

12: Try values in best params,add to recommend_param;
Target = GP_model.predict(recommend_param);

14: If Target is better:
return recommend_param;

16: return history_best_param;

5 劬塬味甾

5.1 缺撄澄瘁 RAID饲惯哆 IO疮飙味甾
羺鲈 ZNS嫑聳鳝桵㒀斴螞誥艆㛂侒敃愽䮽彽髟燭梥䎔㚥襯羬㒀斴艆 ZNS SSD㫥ń

牞㛙䮽戰 SN540 512GB，邊曤羺鲈㒀斴艆 SSD羾㛻㫑蠽䉭夝侜棅䮽蹌綿侱煡㬤牎蠽謦
瀴㪍帿䮽粵鮭鞯鮭侌絒牎蠽跹䮽彽髟晵熰鮭蓨暘䄂綿驒嬮㛂侒䮽詘镼襯羬麋莌粴乲㫥ń

牞㛙，

鮭翹跷桳聳䮽FAST23醍桵酩謒邁鲈 ZNS艆㚾旛 nvmevirt[¹⁵]䮽呂貖鋇 SPDK䮽鮭羬
忇尐呴粵鎏 NVME艆閲㚲䮽謦堯愡鎏 ZNS艆閲㚲䮽詰魍鮭 Linux醍浤愋 ZNS SSD，邊
曤彽髟鮭牞㛙㫑蠽跹儼粵䮽呂艆 ZNS浤愋呴粵桵䃼䎨䮽晵熰澋夝襯羬䮽彽髟鮭 Github
醍抯鎏 issue䮽邊曤粵鮭䎉茥㫢鮭愽酼桏昣跹䮽彽髟牞㛙跹㭒識艆䃼䎨詘㓤龐鎏酩鲠䮽邊
曤剄桵桏侶昣艆䃼䎨擾粵，彽髟啺㛙縱㓤龐㫣鲠䃼䎨䮽邊曤羺鲈暘䄂桵䅞䮽彽髟桪鄫晵

熰鮭攝㡟聳㓤龐㫣鲠䃼䎨䮽詘镼敟婫鮭攝㡟跹襯羬㫣跷浤愋鏜，

魍醑 RAID IO牞㛙鰈襯羬鎏▓鲈斴懧艆婙㫩㚥誺麋莌䮽戰㚥誺 SSD艆㛃䃼婙㫩嶧
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斴懧ü㪝婙㫩䮽蠻斴懧叀嬌讜覚曤綿叀，羺鲈綿叀艆㛃䃼婙㫩㫦啟鲈 SSD䮽螻澏詰魍専
耑綿叀艆㛃䃼婙㫩䮽詘㚥誺 SSD艆㛃䃼婙㫩嶧斴懧ü㪝婙㫩，
牞㛙粴乲蹀䯋Intel(R) Core(TM) i7-12700 CPU䮽綿叀 40GB 3200MHz䯌趻酘蹀 Arch-

linux䮽Linux綿樬穵梥 6.3.5-arhc1-1，羺鲈 libzbdωZoneFSωnvmevirt訲㰈䈏㒂瀴㪍䗬艆
綿樬穵梥䮽鲈曤㫣㳘茲扝酩澐識鱉鯁襯羬鎏桪昣艆 Linux Kernel mainline，

5.1.1 AquaZFS千偶蒋签岭味甾

羺鲈 AquaZFS曤殘蹀酩跷抲鬓㫚ń鮭 RocksDB艆旛鬓趻酘嗁醍艆䮽忛魍詰魍襯羬
RocksDB棻䖠㛅蠻斴懧呑斺屜，彽髟襯羬 RocksDB艆 db_bench墝滿㫥ń牞㛙䮽牞㛙鄿
楅偤ァ 3忛蛬，

ァ 3: 斴懧呑斺屜牞㛙

味甾蛳 缟狐千 味甾灯千 味甾埝傻

絡苼 RAID C 2 aquafs://raidc:dev:nullb0,dev:nullb1 㬤㫑

絡苼 RAID 0 2 aquafs://raid0:dev:nullb0,dev:nullb1 㬤㫑

絡苼 RAID 1 2 aquafs://raid1:dev:nullb0,dev:nullb1 㬤㫑

絡苼 RAID 5 2 aquafs://raid5:dev:nullb0,dev:nullb1 㬤㫑

灑漁 RAID A 2 aquafs://raida:dev:nullb0,dev:nullb1 㬤㫑

灑漁 RAID A 4
aquafs://raida:dev:nullb0,dev:nullb1,

㬤㫑
dev:nullb2,dev:nullb3

db_bench䅳鎏ァ 3跹艆䮽㫢䈏㒂玌窩偤醑厴斴䯋

1 ./plugin/aquafs/aquafs
2 mkfs # 賒婞旛鬓趻酘
3 # --raids= 澏㬓䎉羬鲈慅呭斴懧讜覚䮽㫣㳘慅呭襯羬 AquaFS 艆 RAID 渦镼
4 --aux_path=/tmp/aquafs # 慅呭 AquaFS 艆㪏務斴懧叀嬌㣳嬘䮽偤䀎旛鬓嶧晽宲醽叀旛鬓
5 --force # 玙䅳燭桵艆旛鬓趻酘斴懧
6

7 ./db_bench
8 # --fs_uri= 澏㬓䎉羬鲈慅呭斴懧讜覚䮽詰魍曤旛鬓趻酘㣳嬘䮽謦詰魍曤 AquaFS 艆茾邁㱘鉙
9 --benchmarks=fillrandom # 慅呭牞㛙䎉䮽襯羬䆞梻膩妘樋䖠

10 --use_direct_io_for_flush_and_compaction # 襯羬 Direct IO 窩㬩
11 --use_stderr_info_logger # 鮭槨齊䀦㛳㪝擾晽宲

羺鲈㪝擾㪍侶䮽㫣㳘鳝嗰蛬酩㯳灑㪝擾䮽偤躒 28ω29ω30忛蛬，
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躒 28: 斴懧呑斺屜牞㛙 1

躒 29: 斴懧呑斺屜牞㛙 2
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躒 30: 斴懧呑斺屜牞㛙 3

5.1.2 爆越 RAID 0疮飙谦澳瑗缠

羺鲈 ZenFS妘醣敃愽 POSIX㓅餯艆旛鬓趻酘㛃䃼扝謳䮽忛魍晵熰啑蠻慀㪇識 Linux
艆VFS醍䮽螻澏晵熰襯羬 Linux艆旛鬓趻酘牞㛙墝滿棻牞㛙蠻屜镼，㫣㳘襯羬艆牞㛙㭅
㪛䮽醪 RocksDB襯羬 AquaFS旛鬓趻酘抲鬓貖鋇䮽㰈曤㬤㫑膩蠽姁㜇羬 AquaFS艆 API
棻牞㛙屜镼，

襯羬偤醑㭅㪛牞㛙旛鬓㛿膩屜镼䮽妘瀴㪍 RAID 0艆屜镼窩㬩䯋

1. 羛彺牞㛙厴斴䮽堯愡旛鬓俈啟ω㛂侒斴㳛ωRAID㭅㪛ω䆞梻蟟厵訲

2. 賒婞旛鬓趻酘䮽㛂鉙 RAID㭅㪛訲

3. 鮭綿叀跹羛彺酩跷慅呭俈啟艆䆞梻綿咵旛鬓

4. 㳙侜㫥ń侶漘䯋

(a) 㬤㫑 aquafs restore啑㫣跷旛鬓膩籮 AquaFS旛鬓趻酘

(b) 㬤㫑 aquafs dump啑旛鬓鞫 AquaFS旛鬓趻酘㛿擾

(c) 㬤㫑 std::hash嶧 md5sum瀴㪍㛿擾艆旛鬓嶧燭旛鬓曤壙酩靦

5. 㚥誺妑鰈鍡暘䮽嬮識㛿膩妑鰈暘䄂
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躒 31: RAID 0窩㬩牞㛙

唹侶鄦斴懧㫥ń牞㛙䮽鄿楅㪝擾偤躒 31忛蛬䯋
蠻嬮識艆斴懧偤ァ 4忛蛬䯋

ァ 4: RAID 0窩㬩牞㛙䮽5漘㫚ń儐妑鰈

缟狐千眭 谦澳华诫 (MiB) 侩棺瑗芹鹣 (ms) 侩棺缠芹鹣 (ms) 琰卿

1 128 209 114 醖苼灑漁 RAID
4 128 51 31 侶苼絡苼 RAID 0
4 128 198 106 侶苼灑漁 RAID
1 128 1467 1431 ZenFS䧽㚨

詰魍荢識䮽鮭醖苼灑漁 RAID艆嵒噴醑䮽㛿膩屜镼㰈桵靤啢 N訃艆屜镼抯員䮽鍓
鮭侶苼絡苼 RAID 0艆嵒噴醑䮽㛿膩屜镼桵桏俈抯員，
茾瀴醪 ZenFS艆䧽㚨㛿膩䮽醖苼灑漁㛿膩羺鲈襯羬 io_uringω閲蠽ω㳙昣椦㬪㛿膩

㛻烠訲昲婽䮽屜镼桵彺訃艆抯員，滿餅抯員夻姧⺔镼諞暘㛿膩艆 Zone斴㳛䅞視䯌鍓燭
穵 ZenFS詘镼醖鄟蠽㫥ń斴懧㛻烠䮽螻澏屜镼㪍癟，
茾瀴醪醖㛂侒艆灑漁 RAID䮽侶苼灑漁 RAID桵桏俈艆屜镼抯員，侶苼嶭噦菎趻酘

妘ń姧桏俈䮽螻澏驒嬮鎏桏䗬艆蒀暘郟謚㳛，

鍓侶苼絡苼 RAID 0䮽羺鲈㳓羬艆㛿膩窩㬩昲婽醪灑漁 RAID酩靦䮽蠻㭅㪛桏窩赑
誐䮽螻澏屜镼桏䗬，

5.1.3 谦澳劬塬千偶垄糊味甾

牞㛙㭅㪛䯋

1. 羛彺䆞梻俈旛鬓

2. 襯羬 aquafs restore啑旛鬓膩籮 AquaFS旛鬓趻酘

3. 鮭㩹鬓嗁䉱㓧儼浤愋薲鬓敩䆫䮽襯嬮酩跷 Dev Zone醑鄟

4. 襯羬 aquafs dump啑旛鬓鞫 AquaFS旛鬓趻酘㛿擾䮽㓃唍曤壙镼侻澋夝㛿擾
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5. 樋䖠㛿擾艆旛鬓嶧燭旛鬓曤壙酩靦

牞㛙牎蠽躒偤醑忛蛬䯋

躒 32: 牞㛙牎蠽躒

襯羬 128 MiB旛鬓俈啟㫥ń牞㛙䮽牞㛙㫑蠽偤躒 33忛蛬，鮭牞㛙跹䮽AquaFS彺渦
鯁櫥牞識鎏 Zone艆敩䆫䮽妘醺彺渦鯁鞫蠻骶 Zone跹峆侜鎏斴懧䮽醈悘鎏旛鬓趻酘艆
斴懧呑斺屜，

躒 33: 斴懧峆侜牞㛙

蠻跹䮽牞㛙艆 RAID0嶧 RAID5艆峆侜嬮識鎏澋薴鄿楅䯋

5.1.4 谦澳劬塬岭撄味甾

羺鲈詰魍襯羬綿叀殘蹀叀嬌讜覚䮽彽髟詰魍嬝締師鯁灑椵 AquaFS艆屜镼罛䎘䮽鞫
鍓寘㬩～詣蠻屜镼，

彽髟襯羬 Linux perf墝滿㫥ń屜镼灑椵䮽蠻跹㯳灑灑椵㫑蠽偤躒 35忛蛬，
詰魍荢識䮽AquaFS艆屜镼罛䎘踹㒂鮭鲈䯋
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躒 34: RAID0 RAID5斴懧峆侜牞㛙

躒 35: perf屜镼灑椵
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1. entry_SYSCALL_64䯋嫑聳鞯磠襯羬綿樬尐艆 openωreadωwrite訲趻酘㜇羬䮽唽
靦趻酘䎡逩鯁鞫羬忇尐薩懗識綿樬尐䮽唽靦屜镼罛䎘，

2. io_submit_sqes䯋澋鮭襯羬 io_uring艆㩹鬓嗁䉱呴粵䮽詰镼襯羬昲熰㫢桵詰魍～
詣艆鯁昲䮽㬪彺 io_uring跹酩㯳灑斴懧艆䀎鱿羬，

5.1.5 ExtFS串撄哆岭撄味甾

蹀鎏牞㛙彽髟 ExtFS艆渦镼澋薴屜䮽彽髟襯羬鎏梥樋撉殘趻酘呴䖠㜂蠽跹艆牞㛙
閰梥䮽唹 ExtFS㫥ń鎏呑斺艆渦镼牞㛙䮽牞㛙鄿楅偤醑忛蛬䯋

1 $ ./test.sh
2 婥僒mount, mkdir, touch, ls, read&write, cp, umount牞㛙牞㛙閰梥墝蠽樭茥嫕:
3 /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests
4 牞㛙羬疇: /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/mount.sh
5 牞㛙羬疇: /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/mkdir.sh
6 牞㛙羬疇: /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/touch.sh
7 牞㛙羬疇: /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/ls.sh
8 牞㛙羬疇: /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/remount.sh
9 牞㛙羬疇: /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/rw.sh

10 牞㛙羬疇: /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/cp.sh
11 ================================= Finished dev [unoptimized + debuginfo]

target(s) in 0.05s
12 Running `/home/chiro/os/fuse-ext2/fs/rfs/rfs/target/debug/rfs

--device=/home/chiro/ddriver
13 -q /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt`
14 pass: case 1 - mount
15 ======================pass: case 2.1 - mkdir

/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0
16 pass: case 2.2 - mkdir /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/dir0
17 pass: case 2.3 - mkdir

/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/dir0/dir0
18 pass: case 2.4 - mkdir /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir1
19 =======================pass: case 3.1 - touch

/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file0
20 pass: case 3.2 - touch /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file1
21 pass: case 3.3 - touch /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/file1
22 pass: case 3.4 - touch /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/file2
23 pass: case 3.5 - touch /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir1/file3
24 ======================pass: case 4.1 - ls

/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/
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25 pass: case 4.2 - ls /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0
26 pass: case 4.3 - ls /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/dir1
27 pass: case 4.4 - ls /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/dir1/dir2
28 ============================== Finished dev [unoptimized + debuginfo] target(s)

in 0.05s
29 Running `/home/chiro/os/fuse-ext2/fs/rfs/rfs/target/debug/rfs

--device=/home/chiro/ddriver
30 -q /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt`
31 pass: case 5.1 - umount /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt
32 pass: case 5.2 - check bitmap
33 ================================ Finished dev [unoptimized + debuginfo]

target(s) in 0.06s
34 Running `/home/chiro/os/fuse-ext2/fs/rfs/rfs/target/debug/rfs

--device=/home/chiro/ddriver
35 -q /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt`
36 pass: case 6.1 - write /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file0
37 pass: case 6.2 - read /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file0
38 =======pass: case 7.1 - prepare content of

/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file9
39 pass: case 7.2 - copy /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file9 to
40 /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file10
41 ===============================================
42 Score: 34/34
43 pass: 㬤㫑忛桵牞㛙 (34/34)

扝菎襯羬 dd墝滿䮽鮭梥梻艆杘㬤 1TiB SSD醍㫥ń鎏誐醖艆醖旛鬓㛿膩牞㛙䯋

1 $ dd if=/dev/random of=mnt/random bs=1MiB count=64
2 㪝籮鎏 64+0 鰵㚴嫕㪝擾鎏 64+0 鰵㚴嫕67108864 厾頶 (67 MB, 64 MiB) 墯侜視䮽5.88972

s䮽11.4 MB/s
3 $ dd of=/dev/null if=mnt/random bs=1MiB count=64
4 㪝籮鎏 64+0 鰵㚴嫕㪝擾鎏 64+0 鰵㚴嫕67108864 厾頶 (67 MB, 64 MiB) 墯侜視䮽0.635838

s䮽106 MB/s

襯羬呴䖠跹艆閰梥㫥ń㛿膩屜镼牞㛙䮽蠻牞㛙㭅㪛蹀唹旛鬓跹艆榗酩釃呭艆鰵傖

侜㛿膩䯋

1 // 邁䃻浤愋蘪苼婙㫩䮽妘醺忺婥鎏醽叀
2 Test loop: 1000000, Cache Blks: 512
3 Finished release [optimized] target(s) in 0.05s
4 Running `target/release/rfs --format -q -c --cache_size 512 /home/chiro/mnt`
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5 Time: 30815.510034561157ms BW: 253.52492920733374MB/s
6 // 邁䃻浤愋蘪苼婙㫩䮽妘醺邁䃻鎏醽叀
7 Test loop: 100000, Cache Blks: 0
8 Finished release [optimized] target(s) in 0.05s
9 Running `target/release/rfs --format -q /home/chiro/mnt`

10 Time: 8691.662073135376ms BW: 89.88499477156695MB/s
11 // 忺婥鎏浤愋蘪苼婙㫩䮽妘醺邁䃻鎏醽叀
12 Test loop: 1000000, Cache Blks: 512
13 Finished release [optimized] target(s) in 0.06s
14 Running `target/release/rfs --format -q --latency -c --cache_size 512

/home/chiro/mnt`
15 Time: 30927.71863937378ms BW: 252.6051174707074MB/s
16 // 忺婥鎏浤愋蘪苼婙㫩䮽妘醺邁䃻鎏醽叀
17 Test loop: 100, Cache Blks: 0
18 Finished release [optimized] target(s) in 0.05s
19 Running `target/release/rfs --format -q --latency /home/chiro/mnt`
20 Time: 9035.56513786316ms BW: 0.08646387780728894MB/s

詰魍荢識䮽邁䃻醽叀讜䮽㛿膩屜镼茾瀴桵醽叀艆俈夻醑䅛䯌鍓婥塤醽叀讜䮽㛿膩屜

镼茾瀴晵醽叀艆俈夻抯員，ExtFS醍艆醽叀墝殘澋夝醺䉭夝桵敮，鮭邁䃻鎏忯霧諊絒艆
醽叀讜䮽羺鲈 Linux梥㦱蹀鰵㛂侒抯純鎏醽叀䮽螻澏鮭醣浤愋蘪苼婙㫩暘邁䃻鎏忯霧諊
絒艆醽叀䮽㛿膩屜镼妘煥桵醑䅛俌侶，

羺鲈 ExtFS呑彺姧㫢醣䗬䮽忛魍 ExtFS枀暘㫢醣曤梥䎉茥艆㳙砊䮽讜酼〓酨酼呑檣
ExtFS艆渦镼，

5.2 AquaTurnner缺撄璀灯饲惯味甾
䒩滷㫥ń warm_up嬮識酩鄦厴斴嶧茥槨慅槨鍋艆 csv旛鬓偤躒 36忛蛬䮽粵鮭羺鲈

詘㜇斺 AquaFS厴斴䮽厴斴裲䄂㪍啟䮽踹㒂堯愡剋鯤蟈敎艆 gc茾邁厴斴䮽鰵俈啟魍剴
zone艆俈啟厴斴訲䮽讜酼鍈鹴鮭>諼旛鬓趻酘讜窩籮 inode茾邁厴斴，
㛂呭厴斴㫥ń AquaTuner艆厴斴扠駄牎蠽䮽蟃斚厴斴茲扝慅呭䯋

1 SECT_SIZE_PARAM = 128
2 ZONE_SIZE_PARAM = 64

㫨酼厴斴詰魍茲扝㬤㫑閰梥 defconfig驒儐，
扝醑棻師羬 db_bench㫥ń厴斴㣕灑魍剴敎䇕厴斴嶧茥槨鍋䯋

1 pre_throughput = 0
2 now_throughput = 0
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躒 36: 㜇厴牞㛙斴懧

3 for _ in range(1):
4 sect_size = SECT_SIZE_PARAM
5 zone_size = ZONE_SIZE_PARAM
6 total_throughput = []
7 for i in range(2):
8 create_null_blk(sect_size, zone_size, 0, 64)
9 os.system(CREATE_TMP_FILE)

10 throughput_list = execute_adjust_param(2, sect_size, zone_size)
11 total_throughput = total_throughput + throughput_list
12 print("throughput list : {}".format(total_throughput))
13 remove_null_blk()
14 print("sect_size:{}".format(sect_size))
15 print("zone_size:{}".format(zone_size))
16 pre_throughput = now_throughput
17 now_throughput = np.average(total_throughput)

魉蔃艆斺餅牎蠽曤䮽䒩滷賒婞 zone鰵䮽謬鮭 zone鰵醍賒婞旛鬓䮽嬮識㣕灑艆郟謚
㳛魍剴扠駄厴斴䮽謬啑鰵 zone鰵紳䅳，
賒婞旛鬓趻酘偤醑躒忛蛬䮽賒婞 AquaFS艆斴懧浤鰵 nullb0嶧殘蹀 log訲旛鬓叀嬌

艆浤鰵/tmp/aquafs，

1 CREATE_TMP_FILE = "mkdir -p /tmp/aquafs ;\
2 sudo ../build/plugin/aquafs/aquafs mkfs --zbd nullb0 --aux-path /tmp/aquafs"

躏讜羬 db_bench㫥ń㣕灑䮽妘㫥ń杮镼㜇厴浤鰵艆㭅㪛䮽慇礡慅呭扠駄艆蟃斚厴
斴㣕酩㭘杮镼㜇厴浤鰵艆鄿楅偤躒 37忛蛬，
鮭醍躒跹扠駄鎏跞跷厴斴䮽桪㳙㒂艆厴斴曤 sect_size,蠻漘曤 zone_size䮽㫣觹諼粵

䅄瀃艆牞㛙䎔梒䮽螻蹀彽髟艆剋鯤蟈敎謦喣曤 gc㫢煥桵㫥ń㓧儼䮽䮽忛魍镼侻桏敓艆厴
斴粵䅄瀃詘桵鰵俈啟嶧 zone_size䮽鍓㜇厴浤鰵謦樭懧粵䅄瀃艆斴懧骰姅跹桪～艆厴斴
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躒 37: 㜇厴牞㛙㫑蠽

㫥ń鎏㱘鉙扠駄，㚴嫕㫣㳘艆妑鰈郟謚㳛曤 13672167.25，
㳓羬扝醑棻艆㱘鉙謬㫥ń牞㛙䯋

1 SECT_SIZE_PARAM = 512
2 ZONE_SIZE_PARAM = 32

桪鄫鄿楅偤躒 38忛蛬，

躒 38: 㜇厴牞㛙鄿楅

妑鰈郟謚㳛曤 16935800.25，茾瀴鲈醍酩漘艆㱘鉙厴斴䮽郟謚㳛抯員鎏 23.87%，
啑醣諞㩸漘艆㜇厴鄿楅㫥ń唹瀴偤躒 39忛蛬䮽趻酘镼侻樭懧趻酘㫚ń斴懧㜇斺旛

鬓趻酘厴斴䮽鞫鍓㬚澐抯䗬斴懧郟謚㳛，

讜酼㫢啑啺㛙牞㛙㓧儼 gc 棻牞㛙 gc 艆厴斴䮽魍剴啺㛙>諼旛鬓趻酘讜唹斺餅艆
inode魍剴蠻骶厴斴㫥ń靑霧㜇斺，
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躒 39: 㜇厴牞㛙鄿楅唹瀴

6 硫埝;颈融

6.1 看镑硫埝

彽髟抯擾鎏 AquaFS䮽酩跷魍 ZenFS蹀燭濛艆䮽▓鲈 Zoned Namespace SSD艆䗬屜
镼ω䗬瞛牄屜ω䗬敮䮽鍓醺桏窩杮镼艆㬌羬鲈 Flash叀嬌鞒㠬艆旛鬓趻酘，

AquaFS㳓羬浤鰵詣㛂㚥䮽醣諞浤鰵謔誥蠻鎯䮽灑濕㠣㠧醣諞艆渦镼䮽襯嬮 AquaFS
艆渦镼桏窩玙杚䮽暽鲈醈悘嶧怱嗰，

鮭嫑聳攝㡟䅄瀃䮽彽髟呴粵鎏 AquaFS艆酩鲠樬孾渦镼䮽堯愡䯋

• 杮镼㜇厴浤鰵

1. 厴礡㚾旛[⁷]䮽呴粵鎏䗬醈姧厴斴跹㳙㒂厴斴詋㬓誺熰

2. 㾕唹嫑聳㩸驒嬮艆㳙㒂厴斴䮽呴粵鎏厴斴㜇斺誺熰

• 杮镼霧尐灑漁 RAID

1. 呴粵鎏絡苼 RAID浤婽跹艆 RAID0ωRAID1ωRAID-C

2. 灑漁 RAID霧尐鯁鯝曏啍諊絒呴粵

3. 灑漁 RAID霧尐 RAID㭅㪛呴粵

4. 灑漁 RAID斴懧鰵䀦㛳侌絒嶧斴懧峆侜

• IO窩㬩呴粵䯋呴粵▓鲈 Direct IO + io_uring + C++閲蠽艆䗬屜镼 IO窩㬩
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• ExtFS㪏務旛鬓趻酘

岀餅呑彺㫥姧郻 50%，

看镑眭塬绡

㫣㳘酘㚥鎏彽髟鮭攝㡟䅄瀃艆墝殘㳛䮽堯愡魉蔃ń斴ω魉蔃抯鲫斴㳛訲䮽偤ァ5忛
蛬，酘㚥艆ń斴醣堯塏䉭彽髟䄭黪彺蘄釂膩艆魉蔃䮽瀴偤 rocksdbωliburing4cpp艆燭僒
魉蔃，

ァ 5: 謔跷魉蔃骰姅艆魉蔃酘㚥

肮状爱魁哆琰卿 盆ò千眭 膝疮屐千 齿穹屐千 硫避起屐千

aquafs-plugin : RocksDB抲鬓 AquaZFS 620 55,798 21,542 34,256
AquaZFS :箌襨 ZenFS蠧歑 236 33,359 1261 32,098
adjust_param : 杮镼㜇厴浤鰵 50 1955 135 1820
docs : 鮭鄟Markdown旛橫鈩襺 243 3290 694 2596
paper : 攝㡟恓梫悙薟 125 2895 252 2643
AquaFS :斺跷趻酘㬤㫑 submodule艆斺諼 55 1904 126 1778
rocksdb : 㱘諼婥儼煩敓厴斴 92 131 80 51
liburing4cpp : 牞㛙 C++閲蠽 io_uring 1 1 1 0
nvmevirt : 牞㛙 ZNS麋莌 2 2 2 0

6.2 驰蔷玄哆冗塞

鮭攝㡟䅄瀃䮽彽髟岀鄿 AquaFS艆墯鄻呴粵徍鍊㯳灑呴粵鎏艆賒昣砊踹㒂桵魍醑翹
砊䯋

• 仁疮缺撄䯋ZenFS㚼侶㭅㪛㰈曤釃呭艆䮽鍓 AquaFS㬤㫑杮镼㜇厴ω杮镼灑貖㛿膩
訲昲婽抯員蠻杮镼詣烍妑，澏侱䮽AquaFS㫢詰魍㬤㫑旛鬓趻酘郼餒財ω旛鬓趻酘
㛿膩灑蟃ωinode醽叀訲昲婽抯員蠻杮镼詣烍妑，

• 仁疮江槽䯋ZenFS鮭膩籮㚴嫕嗁䉱㫥ń樋䖠䮽邊曤唹桏夝㓂艆斺鰵斴懧懓鰭晵熰桵
敮姇唹䮽鍓 AquaFS㬤㫑 RAID訲昲婽抯員鎏㾕唹 Zones艆斴懧呍絡屜，

• 仁疮艚契䯋ZenFS鳝桵 Direct IO浤婽䮽鍓 AquaFS敃愽 io_uring訲桏䗬敮艆婩澐
IO浤婽，

鮭氞㫺覅頶 跹䮽彽髟岀鄿鎏 AquaFS茾瀴鲈燭濛 ZenFS艆竏砊䮽蠻跹㫢煥桵呴粵
徍鍊呴粵嬮㫢醣侻艆賒昣砊踹㒂桵魍醑翹砊䯋
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• 膑越挂痊仁矿哇䯋ZenFS鳝㬌羬鲈㩹鬓竏濅㬌㱘讜艆 ZNS㛂侒䮽鍓 AquaFS詰魍
㬤㫑>諼旛鬓趻酘嶧㬤羬旛鬓扝謳訲昲婽㬌羬鲈桏侶艆㩹薲鬓㛂侒，

• 仁疮秀潍䯋ZenFS羺鲈蠻誐醖鍓厴斴㪍啢䮽醺㰈羺醍嗁㩹鬓㬌㱘㜇斺䮽鍓 AquaFS
詰魍㬤㫑㜇斺厴斴ω>諼旛鬓趻酘訲昲婽抯員蠻鯖杙㬌羬屜䮽蹀煥桵㩹鬓㬌㱘艆

姇羬鯖杙抯純敃愽，

蹀鎏呑彺㫣鲠賒昣砊䮽彽髟啑鮭讜酼艆瀴㡟䅄瀃酨酼誤穩䮽呑彺 AquaFS艆絡㯳渦
镼䮽堯愡䯋

• 呑檣 AquaFS艆杮镼㜇厴浤鰵䮽㾕唹剋鯤蟈敎ω旛鬓趻酘>諼訲誺熰㫥ń㜇厴

• 呑檣 Data Router䮽呴粵桏窩杮镼艆斴懧㣳羺䮽堯愡旛鬓趻酘郼餒財ω旛鬓趻酘㛿膩
灑蟃ωinode醽叀訲

• 呑檣 AquaFS艆 IO窩㬩浤鰵䮽呴粵 SPDKωxnvme訲羬忇尐 NVMe䖅霧艆敃愽

• 呑檣 AquaFS艆 ExtFS㪏務旛鬓趻酘䮽呴粵桏窩杮镼艆旛鬓趻酘>諼

• 呑檣 AquaFS艆灑漁 RAID渦镼䮽窩媮 RAID灑漁灑㱘㭅㪛艆杮镼詣

• 唹桏侶艆牞㛙㫥ń㳛詣灑椵䮽灑椵妘抯員 AquaFS艆屜镼

• 鱿儐驒儐識 ZNS SSD㛂侒䮽㫥ń桏窩絡䉱鍓桏桵㛸桻穩艆牞㛙嶧婥儼

麶磠 AquaFS鮭攝㡟䅄瀃墯鄻呑彺鎏㯳灑墝殘䮽邊曤梣棻艆墝殘鞯磠頟墢䮽㫢桵㚼
侶䃼䎨䈏㒂㓤龐䯋

• ZNS SSD缟狐䯋羺鲈枀梣羾㛻識 ZNS SSD㛂侒䮽彽髟䇍魍㫥ń桏窩絡䉱鍓桏桵㛸
桻穩艆牞㛙嶧婥儼䮽㫣曤㫵薩䈏㒂㓤龐艆䃼䎨，

• 艮室岭䯋鮭 AquaFS嫑聳墯鄻儼慻殘羬艆浤鰵跹䮽㚼侶魉蔃㰈曤攝澐呴粵䮽㫚ń㫑
蠽詰镼醣袇呭徍叀鮭䆟嫬 Bug䮽㫢䈏㒂㫥酩澐呑檣䮽抯員蠻䞛櫾屜，

• 眭凑缦搬䯋唹㚼侶墝殘䈏㒂賄屜镼嶧㛿膩敟俈醍艆㳛詣㛈辦䮽堯愡杮镼㜇厴浤鰵ω
IO窩㬩浤鰵ω灑漁 RAID訲䮽㫣鲠㛈辦䈏㒂俈㳛艆牞㛙嶧灑椵䮽䈏㒂俈㳛艆暘䄂
嶧赑穩，

• 爆越挂痊䯋嫑聳AquaFS镼侻㬌羬艆鯖杙㫢醣侻妧熺䮽詘鮭 RocksDB嶧魍 RocksDB
蹀斴懧讜覚艆MySQL跹賄鎏牞㛙䮽䈏㒂㫥酩澐怱嗰蠻襯羬鯖杙，

• 岭撄盆磋䯋嫑聳 AquaFS艆 IO㣳嬘㫢曤茾唹㪍䂍䮽酩鲠 IO㛻烠㫑蠽㫢曤㫑鲈侜
棅䮽䈏㒂羬 Kernel bypass艆昲婽抯員蠻屜镼，
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岀鍓㔁躏䮽AquaFS鮭攝㡟䅄瀃墯鄻呑彺鎏㯳灑墝殘䮽邊曤㫢桵㚼侶墝殘䈏㒂呑彺䮽
彽髟啑鮭讜酼艆瀴㡟䅄瀃酨酼誤穩䮽呑彺 AquaFS艆絡㯳渦镼䮽抯員蠻屜镼嶧䞛櫾屜䮽
怱嗰蠻襯羬鯖杙䮽蹀桏侶艆姇羬鯖杙抯純敃愽，

起豚诧绞 蒋蒙豚阔 蒋蒙卵敞

杮镼㜇厴浤鰵 㫥姧郻 70% ✓▓鲈昲墪艆㳙㒂厴斴㬓愙昲橅

✓▓鲈䗬昢蟈嫐艆㜇厴昲橅

□啑唹剋鯤蟈敎厴斴㫥ń㫥酩澐牞㛙

□啑唹>諼旛鬓趻酘讜艆桏侶厴斴㫥ń㜇～

牞㛙

▓鲈 Zone艆 斺餅㫥姧郻 80% ✓絡苼 RAID浤婽 RAID0ωRAID1ωRAID-C
杮镼霧尐灑漁 RAID ✓灑漁 RAID 浤婽 Zone 曏啍嶧 RAID 㭅㪛

灑㱘

✓斴懧呑斺屜櫥牞嶧峆侜

婩澐 IO～詣 㫥姧郻 60% ✓呑彺鎏 io_uring婩澐㛿膩～詣
□啑㫥酩澐蔜裬▓鲈 spdkωxnvme訲艆羬忇
尐 nvme䖅霧

>諼㬤羬旛鬓趻酘 㫥姧郻 50% ✓▓鲈 FUSE 嶧 Rust 呑彺酩跷 Ext2 鎂咵旛
鬓趻酘

□啑㫥酩澐蔜裬醪 ZenFS艆鄿諼昲婽
□啑㫥酩澐蔜裬杮镼斴懧㛻烠灑貖昲熰
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