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(57) Abstract: Example implementations disclosed herein can be used to build, maintain, and access databases built database in
multi-core computing systems with large VRAM and huge NVRAM. The database with optimistic concurrency control can be built
on a transactional key-value data store that includes logically equivalent data pages stored in both VRAM and VRAM. Data records
in volatile data pages in the VRAM represent the most recent version of the data. Data records in the NVRAM immutable and are
organized in a stratified composite snapshot. A distributed log gleaner process is used to process log entries corresponding to trans -
actions on the volatile data pages and construct the snapshot. The log gleaner sorts the log entries by epoch, key range, and most re -
cent use to partition the snapshot across multiple nodes.
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TRANSACTIONAL KEY-VALUE STORE

BACKGROUND
{G001] Compuling systems with My [oressor corss are baing
devsloped o offer mussive amourndz of coenpuling power 1o locs! and clou
based users. Tha ;:aa%enﬁsﬁ wm;miiz;ﬂg gomm in &ucﬁ muli-cors syslams oan

bottisnecks. For sxampls, i soms multicors sysiems, i.i‘s;g%: DIOCSESOL COres
MAY NV 10 wall 1 ralwive data requested frovn slorags memiwy oy olbey
ITOCRABONS,

{0002] As interamamory data ransfer angd NBeINCESSOT COTRTIRY

spestds norsass, sofhvars based imitabicns related o databass crganization
and wanagement stared 1 impose additions! Bmitations hal were praviously
waligitde relative 4o the handware botlienscks. Some mprovements have
Deen mads 0 noresse e oparational spasds v vanous dalabass
management schoigues. MNowsver, such database management systems
(DBMEY ars oo computationathy costly o inplament in dafabases in i
core sysianm with fasl access o mnstive amourds of dats resident in
secondary orevolatie sWrags memory whsre sl

¥, CONSSENoY,
isclation, and durability (ACHDY properties for ransactions are reguired.

BRIEF DESCRIPTION OF THE DRAWINGS
{3003] FHZ. 1 e sohematic disgram of & mudtoore computing system in
which seamples of the present disgiosure can b implamentad,
{0004 FIG 34 Blustales an sxampls database mansgeameant systam.
0008]  FIG. 28 flusirates spothier example dalabase management system
with spaciiic-axample data stractures,
[O008]  FIG. 3 depicls an axample datsbass managemant sysfam ina
oo mulli-node compuling svstam using & genealzad free dala
structurs,
{0D07]  FIS. 4 dlustreles an exampls dusl inepage pointer shuchurs
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[O0a8]  FiG. & degiols an sxampls dalabase management syl hat
includes distnbuted logoing o build and maindain dala in snapshol data pages
i1 noneeniatie random sooess mamary (NVEAV corregponding o data
volatile dals pages i volatiis random sooess mamory [VRARL

{BB08] PR BA i@;}i{;&& an a;x,amszzia databass management systenm with &
diztribiited log gleanss process snd partitionad snapshot dala pages in
NVRAM.

0010 FIG. 88 depicts e mapper snd reducer processes of sn sxample
ghatribided log glaaner procass for generaling paritioresd saapshot dais pages
45,

{001Y]  FIG. 80 Sustrales sxampls partitoned snapshot dats pages,
[0012]  FIG T4 i & Sowohan of an example method for scoesuing dats
stored in volatile data pages.

[0813] PG, TR v 2 Sowcharn of an sxample method for geneoating
snapshol data pages.

D01d]  FlG 84 Busirates an example ighbeeight, neary watkfres
shapshat cache,

{0048]  FHG B0 i Bowchart of an axample meihod for 3 ighbeeaight, neariy
walh-feee soapehol cache,

il FHG B4 dHlusirslss o sxampls of 8 masierdes dele sbuchune with
moved-bits and fosterdwing acoord
[OO1F]  FIG. 88 s fowohs
date siructure ushhig moved bits and fosterdwins, accarding to e prosent

gy 1o the present dississurs,

Fof @ method for

g @ dals page into s

disciosure,

{0018] RIS 10A dlustrades an sxnpis hash index dds shructure

asocording o the present disclosure,

[0018] FIG H0E depicts an sxample of soarch and insert ot & hash index

daly shruclure according 1o the prasent disclosue.

{0020] FIG 0 b foweha of @ msthod for inseriing = data pags o 8

hash index date sthechure, goconiing 1o the prosent disclosure,

O3] FHE T1A depiots an axampis sosnfappend ondy teap dats strusturs
acoording 1o the present disclosurs.

;ia&z;zi FIG. T depiots an srample of & scarvread in a hegp data

suchure iy volahle mamaony.
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00231 RS DG depicts an sxample of snapshol data pags sonstruciion in
soandappand only haap dete shuctrs,

(00241  FIG 1D s Nowehan of 8 mathou for eriting data reconds o g
soanfappand onl dala shuchurs, asconding o the present dissiosure.

{0038]  FES 1IE is Bowaohart of 2 method soanning dals roords in a

scaniappend only date structure, aooording to the present disclose.

DETAILED DESCRIPTION

[0028] Overview

00271 The present disclosure desaribes s framewaort for oreating, using,

A mgintaining ransactional key-value data slores inm
COMPUNnG Systoms {o.g., sareer compulers) Such transactons! keyealus

date slores can have off o swrie of the dala simullansousiy resident i g

wy (VRAMY and @ secondany nonslatite

srivnary wolatie random S00888 mem

PRI BO08s
Loy e used incivichially or i combination with ong smoiher (o provide AGHR
cormpdian Reyvalue dala stores thet scale up for Gse b databases resident in
computing systams with many provessing cores oy, o e order of

oussnds), brgs VRARM:, and hugs NVRAMs.

G028 Databoss sysleow snplamentsd accasding B he methodg,

¥

systems, gnd fameanrks Slustraie npdes desorbad herain can

reduces of elimingle much of the computationst overhead assodiaied with
some key-valus stores and databass managamend sesiams. Husiralive
sxamphes damonsirate Bow i ulilize he capscly for many sonoureed

frangach

15 inhersndly possibile i mwlb-cors computing systems, in sams

exampias, the mltiple corgs, VRAM, and NVREAM of the compuling systam

by

can be digtibuted aoross mulliple ndercomnnected nodes. Multiple cores san

b integrated into @ gysteme-an-chip (30Q). Accondingly, implementations of
e present disclosurs can provids e uncionalily for multiple cores n

mudliple Sols fo axevuts many soncurrent Fansactions on oala indhs dats
pages stored in the disriboted VRAM ang NVRAN srays without g cenlral

movicurrancy controlier, Mowsver, aithough exampdes prasantsd herain ae



WO 2016/122546 PCT/US2015/013602

described in the contest of computing sysiems thal uss SoCs i multipls
nocdes, varnus aspects of the prasent disslosure can also be ngpdamanted
yaing ofher computer systant grohitectyres.

{BOIV] Somes mplemeniations slude databases i which data, including
maladats or inder data, can be stored in fHed size dals pages. A dala page
CEN Inclue a ke or & rangs of kays, The data pages can b associsted with
ong anotier Yrough one ormore dual peinters, For exampie, sach hey o
rangs of keys oan be assciaied with o dogl potnter that innludes ndicstions
or sddresses of physing loostions of the corresponding data pages sontaming
the data record in the dats peges i VRAM and the NVRAM. The dals pages
i e VRAM and e NVRAM can b organized scoording o vanious data
strschires, a8 Hustrated by the ompie data structures desoribed heraly In
sOMe 8&:@?3&2%‘?&3& it is possibde for @ particular dats eoord O b oontalnad I g
volat e VHAM and in 8 logically squivalent snapshal data
Sags i ihe NVRAM.

[O030]  Thedualily of e data I VRAM and NVRAM van provide i
varous mecharisms 1o ke froquently used, or othensies desiealde data in
WRAM and roadily availalie (o the pronsssng corss, By Resping conumanly
uasd a3l B VEAM, potentisiy slow transactions hat ndlude updates,
changes, o dalshons of daty cecords w the s&wnﬁﬁry slorags 1 NVHAM can
b reuced or slivinated, Changes 1o the dala regoeds i in the volatils dats

sages be logged and aler be commitied o the snapshot pages in g

distribuisd g gleanser provesy sepanaled froe the soecution of the
fransaction o help swndd sofbware snd hardwars bottisnesks.

{0031] o relnted implemsniations, s oompuistionalt

ghtwaight cache of
S%}g}eﬁh pages can be manlained iy the VRAR lo provide fast, nagdy wait-

ps )
fed

ge, sotess for read-anly Tansachons. In such mmplementations, read-only
ransavtions that are divectad foweard reconds not slready contgined in the
vilatle data pages, tan causs the systent 1 oopy the corasponding
snapshot dats page o ihe soapshot cache. To avold polaniial tache misses
and oiher grors, the snapshot cache can poessionally include mudtinds Copies
of the snapshol dats pages without vicleling correctness i the delabase, The
gcached snagshal a8 p3ges can be keptin e VRAM for & pradetenvingd
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araunt of ime alter s most reosn! resd. &ccordingly, commonty read

snapshot dats pages can be bepl i the snapshot cache o svoid polentially
shower roads of the date pages from NVRAM.

{00331 In e following detaiied deser
referancs ik mads 1 ihe acoompanying drawings that form 8 pat herao!, angd

S of he present disclonurs,

.

#1 which i ahown by way of Slustration how sxamples of the disclosure can e

wractived, These emmgg* s gre desonibed iy sullicant deb able hose of
orchirary skill in e ol o practios the axampdas of this disclosre, and tis fo

b undarsiood that ofher sxamples con be ulilizad and that processy, slectneal
ohysioal network, vivtual nam“@rka andior erganizations changes can e made

withowt departing from the scope of the prasent disclosure.
{0033]  Multi-Core Computing Sysfoms

{0034]  Examples of the present disclosurs, ard wnious improvaments
provided thereby, are describad i e context o mulliple pICSssor sors,
cthenviss referrsd 1o herein as "mulli-corg”, computing systems that includs
fargs arrsys of volatile and nonvekatile randont gooess memory {(VRAM and
NUYRAM)L Desoribed heradn are fechnigues for systems, methads, and dads

shuctures that can be used o amplameant Repvalue stores and oorreeponing

,,,,,,

SO COMERInNG

gyl

RLCLS
squipped with hundreds 1o thousands of cores resident i multiple SoCs in
uatiple nodes, As
ol vast arrayy of VRARM 30 distnibuted across the nodes 3 The

VNG Fone COMPMAING Systams oo nchwle sarver systems

fustrated ay FIEL 1, systoms ke somputing system 10 can

compuistional cost of maintaining coherent mamane-caehes i VRAM 30 can

Bt the number of processor cores 25 that can opuerale effechivelyon g

1. Accordingly, some BRiE-00re SyshmE may

haws oy o &ﬁﬁm ﬂi‘“i‘\l‘\??‘ﬁ{?ﬂﬁ‘ﬁ sockats Tor prosessor sores,

{0036]  Like inemeamory databases, emm;pi-aﬁ of the present disclosus oan
slore Jaty in the VRARM 30, such as sialie random soosss memary (SRAMY,

ava momg dals can be stored NV%‘M 43(* vﬁtg mamistong, ghass change
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IVHTROY, Spin iransder trgus, o) Howswsy, unlike disk-lased datalases,
NYRAM 40 can be significantly faaler than hard disks, and wilh some NVRAM
davions, can approach the perfomance of the VRAM, Ax fhe name of the

2%

storags ype suggesty, dota slored I VRARE 30 and NVRAM 40 can be
aocessad in any raodom order, hus offening sinificant improvaments i the
spasd of writes and regds comparad o disk-hased compuling systams that
are hmnited Dy saquental seek ethnigues and spead abwhich the physiont
sk sping. In sddition, Because Indom ascess memory is ble addrossalls,

i can offer various performanes sdwantages over hard disk and §

hat use block addresaing.

{0037 Several axample implemanteions desoribed herein, can bs
implermenisd By snd sohanoe the capabliibies of @ computing sestem similsr i
frriti-cons nomputing system 10 Hustated T FIG T AS shown, computing
aystam 10 can incleds mullipls inlerconnectad nodes 34 As used harain, the
term node” 18 used Worsler 10 oy devics, such 8% an inlegrated girat I8,
noede boaed, mothar board, o other devine, that degrates st or some of the
componants of & computsr or other slectronio sysient o 8 singls devics,
substrate, or cirow! board, Acgordingh
inchude mullip

Y various sxamples, & node 20 can

nchividual processor cores o muli-noe systeman-chips
{Hos) disposed on and interconneeiad with ong another Syough 8 cireut

Fnviameriations, an

bowed {a.g., & novde bosrd or @ mother hoandl In

analog, aod miked-signal logic functionality sl on &

Sot can inolude &

e chip subsirate. SoUs sre Comunsn i Bigh volume compating syatams

hacauss of thelr low powver consumption, low cost, and small size. VRAMZD
andior NYRAM U can be incluted in 8 nods 30 a8 corrssponding devices

sormected B 3 ool boged,

{0038 Ths interaods communicalion sonnections 5 hebwesn nodes &8

can includs vansus slacimnio and pholonio sornmunsation prolosols ang

s for ralaving dats, commands, and requasts from one node A
request dalg stored in volatle dals pages 38 in VRAR 30 or nonvolatite dats
pages 45 in NVBAM 40 of anothsr nods Q02
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0038]  As desoribad heorsin, sxampde computing sysiam 10 can inchuds

Ay number L {wvhere L s o oabral number) of nodes 28, For ssampls, o

noreass he number of coras 35 ang the size of the svaiiable volatile ang

aotveiaiie mernaty provided By VREAR 30 and NVRAM 40, mualliphs nedes 20
can be combined o compuding system 18 Each nodde 20 oan inclusle sy
aumber 8, fwhen Mis & naturs! number) of Cores 25, a0 amay of VRAN 38,
and art areay of NV

AN 40 Ths cores 25 can sccess the volatils dats pages
35 and the nonvolatile pages 48 through corresponding VRAM inferface 37

aAng NVRAR interfane 47

0040] VRAM imerface 3T snd NVRAM nterface 47 can nclads
funciionality for addressing the physica! looation of 8 particuiar volatils data
pons 35 or nonvolalte page 45 in the cormsponding VRAK 30 or NVRAM SO

1 ane example implarnentation, the VREAM bilerface 37 and the NYRAM

interfane 47 con includs or socsss metadats that ncludes e physical
sddress of the root pagess of & particular storags fasgsted by 8 ranssdtion.

Qe the ront page of & partivudar storage is determinad, 8 particular daty
page conlaining & dabs eoond assonisted with & key can b fournd uging 8
dats structure by which the slorage s organizsd. Examplas of dats structures
fal can ke advaniage of the vanous oparalional capabiites of computing

systam 10 are desortbed hargin

[O041]  Vanous sxamples of the prosant disclosuns can be used alone and

1 combingiion o provide & Jdatabass management svstams (DBVS) that
anable anhanosd ransactional funclionalty on databases stored in systems
such as computing system 10, Such databases can be bulll on and include
kepwalue slores that include mechanisms for ullizing the advanced
parformancs characienstics of mullipracessor computing sestem 1Whwith
fybrd mamaries Hist inckuds both VRAM 30 angd NVRAM 4L,

{0042]  VRAM and NVRAM

{00431 VRANM 30 random socess mamary, such 8 dynamic rendom
aocsss memory {DRAM) and static sandam stcass memory (SRAMY,

muniniams dets ondy when periodically or sclively powered. in contrast,
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NV AN AQ & random accoss memony that can ralain s nfurmation sven
when nod powersd,

[0044]  The capacly of VRAM 30 (o g, DRAM] dovices has incraased

srponantialy over he vears. g, of will scon be, possibie 1o have setvers
have sxiramely s Sosys of VREAM 38 oy mgin mamory, ivsoms

SCENANTS, s possibls 1o noluds hundrsds of torahyies o mom. H{:‘sww

YRAR 30 is becoming invreasingly d 1 and expangive 1 soale ramaller
foature sizes. To address the Bmdations of large VRAM 30 arays,

implemeniations of the present distiosirs use advancaemanis in NVRAM 48

[O045]  New forms of NVRAM 40 are baing developed thal can perfarm
well enounh 1o be used ss undversal memory. Some NVRAM 80, such 88
phase-changs memony {POM), spin transfer torque magnelis rendom access
semony {STT-MBANML and mempistors, offer performancs closs o of sgust
hat of DRAM or SRAM devices, but with the norvolatity of flash memory.
[0048]  Examples of he prasent disclosus hiokuds perfomsnce

provemens by using the smenging NVRAM 40 techinologies as the no
wolatile dats store, Many of the emerging NVRAM 40 tfechnaingies wmay

»

parform oroers of magrituds faster than currsnt nor-volstis devices, such ag
S50 However, bandwicthth and lalency performance of NVRAM can vary foom
devics 1o devics dus fo process and materal venations, Aooordin

smerging NVRARM 48 technologies are gtill sxpactad to have higher latenty
Han VRARM 30, such as DRAM. Foroxample, 8 POM produsimay have St
30 e read isteney and A0 us wrils lstenny,

00471 Emmoging NVERAM A0 ohnologios are sis axpacied o have §nite
andurance. Depanding on the type of NVRAR 40 ool {a.g., single lavetor
malti-level calll angd the material ysed, NVEAM 40 enduranoe can be arders of
magrituds wver tan VRAM 30

{0048] Duch characiadsiios aad Hmitations of smerging NVRAM &G
achnologies are addrassad in vanous implamaniations of the prasent

disgiosure, Por axampls, oparalions in multi-ctre sustem 1 may nsed B

account for highly norunifonmn memory-aseess (NUMA] sosts: The mulliple

pode nmplemendationy deseribad harsin can addvess sache-incahsrang

........
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srchniectures. In some sxampde, whether & dalabaze ¥ noohsrant oraal
oot place data so ihal most accesees o WRAM 30 aod NVRARM 40 are node
20 focal, The e "RUMA sware” v ussd o refer o the capabilly to suldvas

cache-nooharent grohitectines in NUMA syatarng.

{0048]  Datshases implementad ysing sxampls ansactiona! keywalug
stores desoribad harsin o Svoid contantious conmunicgiions among the
cores 25, the nodes 30, the VRAM 30, and NVRAM 0. The massive number

of poras 25 can benalit o the aduction o stimingdion af sl comantious

sorrnuicationg.

{08501  Dalabases bullt aoconding {0 e present disolosurs gan make use
of NVRAM 40 for date sols oo largs 1o BUn VRAM 3. However, becsuse
VRAN 38 can often have faster accoess (p.g., road or wile) mes, various

implerneniations Con vss VEARM 30 o stors seecallad "hot dateg” that s

frequently scoessed. In contrast, so-oalied “oold dals” thal is acoessed less
fracuantly carn be moved i and out of NVRARK 40 gs neaded wathout undug
denrsass i performancs. i sddition, whan dala s wilien 1 NVHARM 44,
axarpdes OF the prosent disclosure reduce the Nt werites 108 Sewer
nurier of sequantist wittes so that the parformanes and e sndurance of

NVRAM 40 can be noreassd.

{O081] Datsbase Management System Dverview

{00821 FIG. 24 Slusirstes 3 schematic view of 5 DBMES 100 i g rixed
RAM systent In gocordancs with various sxample
éién‘z;;asssm@mﬁtms: of e prosant disclosure. A shown the DERS 100 oan
;o such as g glvanss

wedatiledonvalatile Paye

Aol VaNouS SoOMponent processes of funcionality

THY, dale structures 1230, andior g snapshot cachs 130 As desonibad harein,
SUch componat processes o funclionality can be implementad g 8
combination of sofluare, Hamwars, sndly hardware o computer system,
unh a8 computer systarn 10, For eample, 3 DEME 100 can be implemented
as computer sxecuiable code storsd i@ voisiile or nonivolatile memory. The
DBEMS 104, and gny of 88 component funchionalily, can be embodisd a3
computer execudable cods thel inchude instructions, that when exscuted by &
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IHRORSK0T B 8 COMPUENG SRl GRUSe & prosesssy (o be configured o
perforrr e functionality desonbed hensin

[0G53] Ina multhpropessor compuling systam with barge VRAM 30 and

NVRAM S0, such as sysiam 10, compuialiona! and msmaey rasturces can e
sharsd gmony the oodes 3G Svough the nteraads oonnsslions 5%,

Accordingly, cormnponarnts of e DRES 100, a8 wall 3y gnabdicat and
ransachiong opersiions, ¢an be parformed by mullipte progessing cores 3%
an dak whiny NVRAN 4D in ltipde nodes 20

[O084]  The functicoait
snapshat cache 130 can t*e @zﬁmbm&& BOIOSS muiiipﬁa r*@ﬁes 20, ﬁ\s such, e
funchionaity of sach ona of he components of the DEME 100, while

descrbed herain as disorete moduies, can be the resull of the various

SroCRasing cores B, VRAM 20, and NVRAM 40, of the m & rocies 0
e gystem 10 parforming dependerd o independent operations st inthe

fy of the DBMS 100,

conposin achiave e unoiog

[OO8S] Example nplemsniations of the DEME 100 deswribed herew can
b used o build databases that can movs fully explioll the capabilitiss of mull-
DIOOSSSOT Soanpuling sysiams wilh fangs VRAM 30 and NVRAM A0 arays,

such as gysteny 10, Such dalabases can be tully AGH compliant s scslalds
o thousands of proge

v 25 Databssey mplemmntad in aocordinee

with the sxamples of the present disclostrs improve the ulilization of the
YRAR 30 angd NVRAM 40 and siow Tor & mix of write-intensive antine
ransacion provsssing (OLTH) ransactions and big-dats onling ansatvticst
pracessng {GLAR gusries. To achisve such funclicnaily, various dalabases
aocording o He prasen] dEoiosurs use 2 EIghtvaigh! ORtTHRNG SoOnQuUrRNSY

gortead {OLC
[ODRE]  Using varinus
databage can maintain dals peges i both the NVEAM S0 and the VEBAM 3@
without global metadats o reck where records are cachetl, inatead of globa

implermentations of QUC degaribed haeln, ¢

mebydaty, databases can by il using wwriativas of DERME 100 that oan
mainiain phvsically ndependent, b Es‘g%&ai@y muévai@ﬁi, copes of sach data

REEE i VRAM 30 and NVRAM 40, Tha copies of the dala pages resident in
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oth VRAM 30 and NVRAM 40 provide o duality I s dats usedul for
vgrroving the functionality of & databass implemented o @ mulii-oons
somputing systam 10 On gne side of the dats page duality, s mutables
volatie date pages 35 In VRARM 300 On the other side, are immudable nons
volntile dats pages 45, siso referred to harsin a8 snapshot data pages, 45 in

[O0BY]  The DBME 100 can constrio! 8 set of stapshot data pages 88 from

ingics! ransaction logs of the ransachions axscuted on e volatle dats pages
35, rather than e volatile data pages 36 themselvag. i some
implementations, # s the collective funclionalily desoriad at the log pleansy

T that constiucts he snapshot dets pagss 45 indepandantly of sndior in
paralis! o e ransactions sxecuted on the volalle dete peges 38, by sugh
implamentaliong, the og gleaner 110 can sequentialy wite suapshot data
pages 48 0 NYRAM 40 o mprove the input-audput performancs and
sndurancs of NVRAM a8, Such funchionality can matiisin date w heo of more
separsie stracturas, aach of wiich s ap

by

finzed for respective underying

2ATaS mediun

[OOBB]  The dats can be gynchronized babvesn s dvo strunturss
bhajches. For sxample, 3 simpls version of an LEM free can indluds 3 wo-
isval LEM tree. The beo-lovel LEM free can induds hwo tree-like stndurss,
whare ane is smaiier and entively residents i VRAM, whereag e ofher is
farger and resident on disk, New retords Can be inseriad into S iy
residents bae. If the nsertion causes (he memory resitlent free {o axcesd 8
pradetemined size threshold, the comtiguous sagment of entries s removed
from the memory residan ree and marged info the disk residant tree. The
parformancs charactanshios of the LEM treas stem from the fact that sach of

he Wes componsnts & tuned o the characisnistios of B8 undenying storgs

ey i rolling balohes,

using s msthod sinnlar o3 mergs sot

[BO69] I oontnast, log gleanss 1 can use sinntified snapshols that mdear
sach volatie dals pags in @ single snapshot daty page in 2 hiscarchica

fashion. The ferm “stratified snapshat” rofers o data shuclure in NVRAM 4D

i1 which only Oui8 pages et are allatied by & pathsular ansaction are
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shmngsd, As such, when 3 volatile dats page 35 & dropred o save VRAM 30
consumplion, seraiizabis ransactions canmesd @ single anspehot data page
o detorming tihe 8 uesiad recovd sxasts anding s‘mmﬁw he RSt b

3 twate

{0G80]  The bog glasner 110 can nchudes fnchonality for collecting fog
sndvies Lomresponaling o the serishzabis ranpachions sxenuted on dats
repords ontained iy volalile dats pages 35 i VRAM 30 by the man
25, The log gleansr 110 can than sont and seganize the qotleciad | \:»;s goliag
according o various chamoienstios assoviatad with the oy endoes, sush g
fime of execution, key range, and the e, Tha sorted and sceganized Ing
Snlries can then be commiisd o e snapshol pages 4% i NVRAM S0 As
desorbed harain, the log glesner process 110 can inslude compasant

provnsses distnbnded aoross mollipds nodes 0. BExample implameniations of

%

e

e §s:}a§ gleansr 110 are described iy additional detall herein in reference o

SHE
[O061] e data stauclires 120 used Dy the DEME 100 can be spacifically
funed for varous purposes gnd operation within NVRAM 48, Accordinghy,

DBMS 100 can nchads multips dats stuctum Yypes 131,

{00831 The snapshol cache 130 can nolude 3 ightwenht and wait free

budter poot of immudable snapehio! pagses iy read-only orsactons. As
desoribed hargin, the snapshol cachs 130 can be distibuted az‘m}ﬁ@ the
%"s.s;aﬂm% implameniation, & nods 20 can includs 8 snaeshot cachs 130 that
nchudes g snapshot pages most recently read by ransacions oxetutsd by

e cores 25 in hat nods U &dditions! detaily of e nctionality ang
capshilties of he soapehol caehe 130 are desaribed haesin

[0083]  FIG. 3B depicts an sxampls DEMS 101 secording o varinus
implemeniations of the prosent disdlosurs. DBMS 101, ke example DEMS

100, can inchude 5 log gleaner 110 and @ snapshat cache 130, In addition,

DBMS 107 can includs data structures 130 that inchwde spaclic data struchwrs
tvpes sccording o vanous mpismentaticns of the presant discloswre.

Specifically, DEMS 101 can include a mastendren dats shuchure 133 with
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movaa-Dils o fostardwing, sanalizabls hash ey Qo strusduns 1358 o
the appendiscan oty heap dele structurs 137 As desorbed, sach of the

mastentros data pe 185, soralizalie bhash ndex data strusture 125, and the

appandissan oty heap data structune 127 have alttibutes that maks them
suitable for vanous types of use cases. Dalads of the spacific sample dala
siruciurss 120 are desgribed in additions! dalall herain in referencs 0

iilustrative sxample mplemeantaiions and uss 0asss,

[0084]  Dual Data Pages and Dual Polnters

[0065] FIG. 3is a schematio of 1 DEMS v computing system 1 that

ustrates the duality of the of the volgtile dals pages 38 and the snapshot

DEges 45 by VRAM 30 and NVRAM <0 distributed aoross mudtipte nodes 20,
sording I various mplementations of the present disdosure. Wiile any of

the coves 25 n any of the nodes 30 can access the VRAM 30 and NYRAM 40

on any of the nodes 20, for the sale of clanty, the chargcienstics sng

B

N

funchionality of the volatile dats g:\z\}axs 35 and the snapshol pages 45 am

dusonbed B he context of 3 ee-lyps oats struckan 121 1 & singls nogs 26

This exarnple is Hushative ooly and i not intendsd 1o et dads stuslures

121 from heing distribulsd across mudiipds nades.

{OD8E]  Any ol the coves 35 can axecuds & ansashion on o dats recard In g

23

partiiader volatle date page 35 or snapshat page 45 Beoution of e

fransaction can nchade vanious operations, such as ready, wriles, updates,
delstions, snd the ke, on & dats record associniad with a paricular sey in g
particular storage. As usad herain, the e "slorage” can refer 1o any
cotipchion of dala pages orpanzed according 1o 8 pariicuiar dals stnuchurs, Far
sampls, the slorage can includs collaction of dals pages srganivad In @ ae-

e hisrsrchy v whith sach Oala page &8 node assoviaiag with other node

dals pages by cowaspondty sdges. In the mplementations descabed heain,
the stges that conneot data pages can ncluds pointers Fom 8 parery data
fags a child dada pags. I seoe axamples, sach dals page, exospt & fhe
oot pRGS, Gan have & most ong ncoming pointer om 8 pavent dals page
and ong o mors pugeing pointers ndicaling ohild data pages. Each pointar
can e assoviated with 2 kay rrangs of Reys,
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&{i}i‘i&}”i Lining thes kay, e ransaction can fing the roo! pags of the shwage
aing e VRAM interdacs 27 or the NVREAM steriace 47, Onoe the ool pags,
SUch a8 volatibe Jdata page 35847 or snapshot page 45-1 in the sgample ghow,

is found, the executing core 35 can gearsh the date structure vpe 131 forthe

dalx page thal inclucles the key. The search for the key can includs ravarsing
the hmrarchy of date pages I fing the dalx page associsted with 8 key
[O088] In examples desorihed hereln, aach dats page, inchuding the root

data pages, o include dual ponters that woiuds indications oF addresses of
e physicst Raation of child pages. In ong implameraatian, sooh dual pobmey

can point 1 a coresponding chilt volatle dals page M I VRAM 20 or g
sorresponding ohild snapsho! page 45 0 KVRAN 48 As such, the pointers in
the pair of deal pointers oan alse nclude physioad adoressss of the
corraspording dal pagss In g paricudar node 0 Acardingly, s wolstils
pointer i the dual painters can paint o the volalile dats poge 38 residant in
e node L sudh 83 nods 203 wiile the snapehiot povder can paint o &
corrasponding snapshot pages 98 in gnothar node 20, sunh a5 node 363

[0088]  FiG Jdepicts an oxample dusl poirters 380 et can be associated

with 2 parlicular kay sadiyr includsd in g Jais pags it sxample scananos,
Sach dust pointer can nciude 3 valus Tor 3 volatile pointer &5 andior a value
for the snapshot poirer 353 In one sxample, both the volatile pointer 38

ard the shapshnd pointar 353 can Hoth e ol Under such orsumsiances, the
DBMS 100 can detenming that the netther 8 volatile dats page 38 nors
snapshot page 45 axsls that is assoniatad Wit & pacticular key. Accordingly,
the DBEME 100 can partonn modifpdadd openation $10 o oreste orinsisi a
yolatile datx pags 35 that s sssocated with the key, Fat of ceegling o

2

instaliing the volalils data pags 35 can include updating the volatils pouder

tiy

251 inthe ;}as‘@m vedatiie date page 30 indicating the ﬁ*}g&zmé onation, K", of

;{-ﬁﬁ?&} Vilen he snapshol page 45 corresponding o volatle dals page 38
s orasted i the NVRAM 44, the DEME 100 can update B snapshot poinisr

SES Ry inchude the physial ocation, Y7, of the corrsgponding snapshot pags
45 i NVRAR 40, with & inslal ma&g&h{: gags:xﬂ apenstion 418 I the volalile

date page 35 s not gocessad for some peod of Hime and Hig soapshot pags
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45 I sguivaiant to the volalils daty page 35 {89, sach of the pagss conlain
the same version of the data), then the volalils dala pages 38 can be droppsd
from voiatile memony 30 B consanve volatle mamory space. The volatile
oointer $3 ponling o the giecied volalls dals page 38 can be wpdalsd as

THULLY i operation 428

071 Incssss i which & fransacton on a parlicular key Inoludes g
& pointar

otifeadd type operstion finds a dusl pointer 200 v which the vdl
257 i HULLY and the snapshot pointar 383 i a valid physics! lncation in the
NYRAM A, then the DEME 100 can nslall 3 copy of the snapshot page 48
ik VRAM 30 as & volptile dats page 35 AL this paing, the DBMS 100 can
updats the volatife pointer o indicats ths plyesicat locatian, "X, ot {he nvwiy
instalied volatile data poge 35, in operstion 30, if the transsclion changss of

modifies volatile dats page 35, then e DEME 100 can g the ransactien @
install the corssponding snapshol page, i opsration 430,

0072 I wsirious axampias, the DEMS 100 s stos and raaintany sl dala
in A delahase it & ansactions keywvalus Jats store with fined sizs dats
Dages with versions resident! i VRAM 30 andfor NVRAR 40 I such
implamanialions, & ransactional key-value dale sture gscconding o the

present disclosurs can also nclude most i ool 3l meladats regarding the
structure and orgarmzation of the dalabase in the dale pages. FIG. § Hlusirales

2

ang el mplamentation in which g version of tha volaiile dats pages 38
can be pvirorsd i the stratified snapshot 370, As desaribed havein, the
siraitind snapshot oan include mudtigle Byars of non-wdalle, or snapshol,
dats pages 48,

00731 losuch implemeantations, the dusl nature of the volaliis dals pages
A8 in the VRAM 30 and the corrssponding snapshot data pages 45 in NVRAM
41 becomes satiant and useful, Ax deswribed, 3 dals page can inchade & dusd
poirtey 250 thal can point 1o the plyvsical begtion of other deta pages, one
example, 8 dust pointer 280 can poind I & palr of ogically squivaient dats

pagss, nwhich one of the pair 18I0 VRAM 38 ang the ofher 1 in KVRAM 40,

[0074]  As described in reference o FIG. 4, & dual pointer 250 can inolude

W0 sssociaied poinders, One of the e poinders can inoluds an sdidress o
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sty indination of the ghysical leoation of & volalts ot pags 30 I the VRAM
30, and the other of ths heo pontars san inclodle an sduiress o olhwy
ndication of the phyvsiosl lncation of & corrasporciing or associstad sngpsh
dots page 45 in the NVRAM 40 Bach of e dus! polnters 380 can alse
ncuds & statuy ndicstoy or other meladaty, The status indivgior and othey
msiadala i desoribed in referencs iy the speaific broes of date shuchures
120

[OO7S8]  Thae palrs of the volatile dals poges 38 gnd snapshot dala pagss

)

45, whils sssociaied by disdl polivers.
iransaction that modifies the volatile dals page 35 of the pair dees not
ivtarfare wilth 8 rocess tha! updaies the snspshat dats page 45 of the pair,

250, are phyaically indspendent. Thus &

Sieilarly, he process hat updates the snapshot dale page 45 doss ot affedt
e corrosponding existing volatile dals page 35 The dushty and mulual
independence of the dala pages aliows for higher degree of &aaiais@iiﬁy that
seoidy csuse softuare and hrdwars bollsnacks in some dalabsses,

00761 Vanous implomansiations of the fransaction kevwalue dats stors
mainian no oubotgens nformation. Accoringly, @ keyvalue swore of the

presant disclosure can maintain the stalus and othey matadats sssociated
with the dala pages withoat & separals mamory region for rseord bodies,

apping tebles, & contral otk manager, and the ke Wath s the information

suted i, and desey
for highly scalable data manggement i wiich gontenticus
CONBTIINICREONS 2 rastncisd 10 Oala page ivvsl and the elpnnt ot the

associnted wi g the dats storad in the aolusl dals

LRSS Can grovids

conteniion i3 ars proporfiona! o he size of the data i VRAM 30 and at in
e sie of the dats in e NVRARK SO For sxampls, i1 one poientia! scenarnia
iy wdhiich tersbytes of dats is storad in the NVRAM 40, the transactiong! kay-

valus gom of e present disclosurs can uss 8 single dusl pointer in the
VRAM 30 {o.g., DRAM) o the root data page of the dals in he NVYRAM 40,
THis can be mnifiaﬁﬁeﬁﬁ with ey s inadish database managemeant

’ff-"

systam thatwould need large smows of meladats stomd in VRAM 30 o fisgd
and aocess the dals in secondary perssient storage medium {eg., hard
*ﬁ;sw flash memory, slnl
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[OOTT] By storing s daty iy the dats pages, implamantations of the
presant disclosure can reducs ov sliminats the need for garbags collection

PIOCESSOS 10 raciain Slorsge space from delated daig poges. Redamation of

the SIOREOS SROCE It SIS0 ooy without compaction or migration. By

avoiding gathage collaction, compaction, and migration, axampla key-value

SHUEE () SRV 3 By

0078l Such keywvalue stores according 1o the peasent dis

OEITS Gan

iynedintely reglaim the lorags spate of dals pagss when ey ars no longer
neaded gnd wss #in ofber oontexds becauss all the dala pages G have @
fxad and wniform size, Such configurations of the daly pages can alse help
aveld potential ceche missas and remote nade 30 sccess becsuss he retond

date i alvays i the dala pages,

{0078 Kepvilus slores aocording & vanous implamentalions of the

present disclosure can be peed to hulld s maintai i savsion dalabases

with hahtwaight QOC to coordingls conturvent ransactions, Such a dalabases
can be huil! and maintaied by & correspondingly mndlamantad datahass

management system o "DEMST thet can respond o reguests (o asenids

rarsactions on two sals of dala pages that sre aeily synced using logics!

ransactian logs, As dosoribad herain, & transaction ka-valus stove of

sxample DBEMS 100 can store all dats i Hxed sive volalile dala poges 38 and

snapshot dats pages 45, For sxample, i of the vol

the snspehat data pages 45 zan bed KB dals pages.

(BOBG] Az dosorbed havemn, the volatile data pages 38 » VRAM Sl oan
repvesent the most recenl versions of e dala o delabess aud the nany
volalle, or snapshol, dabs pages 45 i NVRAM 4D san indlude histansal
snapshots of the data i the databass. Iy sOU soananos, e reoonds in ihe
snapshol dats pages 45 may by e most surrent versian glve theve has

besn no racent modification o the volatle dala pages 35 &s will be described

iy addiional dolaid below i releranes o FIGE, S and B, the so-cadiad
“sraapshot data pages”, oan be compited bassd an g SNes corresponding

o fransachions sxeoutad on the data it the volatila dats pages 38
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081 Inrodorsnce W FIGL 5, DBME 100 can somouls @ fransaclion using
ar cors A i ;;;;km‘fmm an opavation on g dats moord, or upls,

B pawt
Associnted with 8 partcaiar ey, To find the dafs recond assooiated with the
kay, the DEME 100 can Sest find the ool page of g particular fargst storags
00 sasocaied with ihe key. Finding the ool page of 8 targs! storags 500 can
nciude referancing 3 meladalz Be slormgd n VRAM 30 or NVRAM 40 with g
isting of storages with corresponding pointers o the physios! looaton of the
oot pages of the storages. I some axamples, the rool pages isled in the
matadals Ble can be sssocistad with 8 range of keys, Acoonlingly, @ partioudsr
storage can be found by ﬁ&ms‘mig‘smg i the Rey i3 within a range of a paticiiar
oot page. Forsxample, for 3 fargst key "137 & ezl rodd page s susociated
with keys 1 uough X0, and & second ol 80 I8 8ssociatad with keys
1001 through J000, the farget Rey will most kely be found iy the storane
ociated with the first rout page

{00821 I ihe sxaunple shovwn in FIG. &, wolalde Jdats page 351 s the ot

page of the stonage S80 i VRAM 30, Az Jdescribed harsin, the roof page 3841

U!

can be associated with & range of keys that includes the targst kev of g

DRvhoular ransachion The rood wlatie dais poges 351 can includs dus

pointers JH I various implameatations, each wiatle dats page 30 can
niugs bwo mig&mg gl porters 280 Each one of the dw aeu@mng; gdust

olalils dets page 35 that conlaing tham In the example show, the frgd haif
of e key rangs of volatile dals page 351 v assonisted with & dusl pointer
SR that includes & wolatile pointar o chilt volatile date page 352, The
secornt haif of the key range of volatile dats pege 3541 s assovialed with 8
it pointgr S50 that inchdes 3 volstile pointer to ohild volatile data page 386
2. Each one of the ohild volabie data pages 38-2 and 38.3 can alsw ncluds

u\

dual ;‘»&§‘%“si€3? 250 {0 ohild pages.

[OO83] Az iBusiraiad, woinlile dals pags 35-2 can inghuds & dusl pointer
50 that poinds 1o volatile dats page 35 resident in ancther nods oty

han node 2041 Volstiles dats page 353 ooy nclude 8 dusl painter 250 that
nciudes g volalite pointer 351 and ¢ snapsbod pointer 253, I the particular

axampls shown, one half of he Rey rangs sesoaiated with the volatis dals
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CRgE 353 B assnciaied with & dual ponter S50 Gt points o volaits data
pages 355 that containg the fuple associated with e farget key of the

.

franssction. The hret dusl poinder 280 of the volatile Jdots page 353 can glsy

inchade 8 pointer o the snapshot page 45 that containg the uple sssosiatsd
with the taeget kay,

;{__{}{EB@:} Volatie dala page 35-3 can alse includs & ssoond dual peintar $8Q
nis o data pages assoniated with the second hall of the key vange. &g

show, the second dusl poinfer 250 can rvlude & "NULLT volatile pomnter 2581
ﬁff*mmg that the key doas not exisd in VEARM 30 Rathar, the snapshot
poinfer 253 ulicates that the key s found 11 the snapshot cachs 130 o inthe
shratifiad snapshnt 3700 In soms sxamplas, ths snspehotl poirter 253 can
nchuche & parkition dendiBer and @ page dentifier hat contana e key In the
BT, and snapshol pege

stratified snapshots 370 {e.g., partifion enid
derifier "GO

[ODRS]  Forfranssctons tha
poier 253 can poit 1o 8 copy of e anapehot pags a0t ihe snapshol cachs

pdle pestbandy Sparstians, the snapehat

130, For transactions et might update, insert, of delate o tuple assodiated
with the Key, 8 copy of ha snapshiol pags assncaisd with the snapehst

pointer 253 can he nstaiisd inthe volalle dats pagss 35 and e volalile

poiter 251 of the dual pointer 250 of the parend volatile dals page 3G can be

updgtad with ity physca! address in VRAM 340 As used harain, the laams
“recerd” and luple” are used interchangsably foorefer 1o e value or valuss
associated with 8 particular key 0 8 kavvalue pakr

fooes] e various implementaiions Jeasoribed hacgin, saclviranaaction is

sxaviied by & particular oors 25, To svaid condlicts Debwsen conowrmsnt

ransachiong, é‘mg;eiu aardaiions suoording the prosend disclosure use 8 foomof

head sonourmanty sordroliag,
£ COnSUTENCY contral that can

& -page ok during 8 pre-commil or conur phases of the transgotion,
implermeniaiinns hat use oplimistic consurrsnoy contnal can grastly raduce
the somputational sverhead sod Noreass the sceiatality of vanous

mplemeniations desoribert heren,
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[008F] Optimistic Concurrancy Cantrol

[0G88]  Examples of the prosent disclosure an use OpHMISHC conourenty

sortrad {O00) 1o svold contentivus daty aocassas resuling Trony canturrent

fransachions baing sxeculad on the same dala records at ths sseme tims. In

vanious sxamples, exscution of an "OUCT transaction S track the raconds &

reads and wrilss in local sloragss using corssponding read-ssts 218, wits-
saty 21, ard pointeneets 14

{00891 The rosdee®l 210 can nchuds the current iransaction dentifiars
{TiDeY of the tuples that 3 particulyr ransacion will scoess. Accordingly, onoe
& fransaction finds @ partioudar luple associated with a key, the DMBSE 100 can
recerd the current TID sssoniated with the wupls 1 8 ranssoiion speaific ead-
sot 318, The ranssction can then generale 8 new or gpdsted uply hat will be
assoniated with & key. The DBME 100 can then seeociate the new o uptlatd
Rple withy @ ne T o indicate that g change hss been made o the luple

susocinied wilth the key aod track i in 8 corssponding wite-zat 211 In some

impismeniations, THFs can includs 3 noncioniCally INCressing oounter that

biclicates the version of the tuple andior the ranasction thet crasted

modifind # The witle-set 311 can inciude many Wiphes associalsd with
corresponding Hilds,

nat @ upde assodiated

Pl

{O080]  Inog validalion phase, DEMS 100 carnvw
with the key has not been siered by & concurrent ransachon sines the tupls

&
§¢

was read, The verification can include comparing the T in the read-set 10
with the current THD sssociated with the fupls. H the TID remaing unchanged,

ihe DEME 100 car pasums that the upds has not bean ahanged by another

ansackion since the sy way intlially o rom the correspgonding dads
page. Hihe TID has changsd, the DEME 100 can inder thal the lugls hag besn

altared,

[O0BY]  Abcornmi Hime, affer validating el no concugrant fransaction
writes overap with s raacdesel, axacution of the ransachan can nalsl alt
uples n the wite-sot 311 i & baltch. ¥ validation fails, execution of the
iranagction can abort. i secution of the ransaction s aborted, the DEME
100 can resHompt the fransaction al o Intyy
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tions ey anly wrile to shared memory duning the comst phass of the

00821 This aporoach has several benafils fov scalaly

3, A
TSIRE

franaaction, ehich can oocur after compintion of the compide phase of the

s iy axecution. Bacauss wites can be hmiled fo the corrunll phase af

e annacton, he wile poricd ralative 16 the rast of the ransaction can be
shord, hus reducing the chanee of contantious wiiles.

{00831  Based on the use of the validslion phase, Lpses, and the dals
RGeS i which they raside, nead not ba icked sxcep! during willes, This oan
rechuce the number of read Iooks Gn tiples Hist coull ohenwise nduce undus
cortertion just o read dala. Excessive resd incks San introduce software
hotionscks that can it scelability. Az sugh, varicus chacacienstics of QCQ
can help improve e scalabifity of hey-vaive stores Impismentad n mulli-
DIOTREEW systems T4 with large VRAM 30 and NVRAR 40 that have the
potential of rupning many conoursnt ransactions on the sams fuple,

&

0084]  Onioe g Wanssotion & g snfry that inoludas

nformaton about the ranssction can be ﬁi&f"éﬁ o a privats og bulfer 336

spacifio o the comn 35 sax-eautiﬂg; e transsction. A g witler process 388 can
thern generale fog fles 287, Each log file 287 can include some number of log
srries comesponding to commitisd ransactions performed duning partoular
fime paricds, o “spochs”

5{{}&951 O sxample of QUC sccording to the present distitsurs oan

ugR B pra-commit procedune thal concludes § ransaction with 8
yarification of senaizabiily without & venlication of dursbilify, QOO can vanily
durability for balches of ransactions by having s log writer 368 aocasionally

pushing ransschion log sobres fam the g"w'%ﬁ% o Bulfers 235 o spuch ing

¥

{ilgs 287 for ssgh spoch. Baoh apaehi

287 can organize he included
i1 fog endnes by & course-grained tmestamg.

HENsaL

{O086]  Example 1 summarizes an sxampds pra-commit protocsd use i
vedatile pages 38 snd snapshol pages 370, scoording o varous

imglementations of GGG,

{0087 Example 1:

B
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{00BB] According b e pre-comnnl grotosn! lustratsd in Exampls 1, the
OBRR 100 can lock ol reconds nclusied §1 the wiileessd 31 W The
conarranoy coniiod schems can el an n-pags ook meoharism or sach
fockad record. For example, the in-page look mechaniam can include an &
Bryde THEY for each recond that can be locked and unfocked using atomie
operations without & canteal ook manager. Placing & ook mechaniam vpags
avoids the high computations! overhaad and physinal sontention of centrad
Ok manugers usad hymain-menoty databake systems. By avaiding the hgh

sf;m\‘:zmsigﬁm‘zas send ;:a?wsmi gontanlion, conturenoy Gonial wilh in-pags btk

machsnisms descabad hersin s0als beller 1o MUl-prooessor syslames with
SRR THOND BIOCRRSGY coves {8 g, avders of magnitude keger) than the
consurraney cortral used by mavkmameny detsbases,

{00881 lresuch seample mplomentations, Sfiee the DBRME 100 locks sl

regovds i the vaistis page 38 inoludad in the weile-set 211, oy venily ihe

status of he records in the mead-set by chacking the ¢

looked

reqonds sfter the gpoch of the ransactions is finalived. In some

anplameniations, veniing hs read-set 210 san intluds SHNG & Mmamay
fencs {0 enfores an ordering Sonsiraing o9 Memory operaions Bsued before
and affer the mearnary fence instructions. In some implamentations, s
means hat sperabions issued prioy o the memocy ones sre guarsnisad o be

pertormed hofors oparations Sausd after the bamisy,

S

[00100] I the DEME 100 can vaily that thers has hegn no change o the

TID of the corraaporiling repond in e wolatile dats page 35 since the readss
was faken (e g, verlly that no other transactions have changed the TiOs st
e corresponding record was readl, then  can delenning st the transachon

is serializable. The DBS 100 can then apply he changss ndicated v the
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wwivale log Duller W he luckad rocords and oyvenwrile the axisling TiDswith a

R

neswly generated TiDs correaponding to the iransaction that cavsed the
changss, The conimittad franssction 0gs can then be published 0 g private

P‘Qﬁ

fog bulfer 235 and hen & 0g wiiter 385 & og wiiter 385 can wills ommitied
ransaction logs o 8 oorresponding g fe 287 for durability. Such
deceriralized logoing can be based on coarse-rained epochs o alimingia

contentiouy commurtioationg,

001l Anothey zsss;&s«r{:t of QCU schames of tha prosent disciosurs gims I

radhuns 2 SYRC Shronous sommusticationg for réads. Becauss o operaticns
happen more often tha wiites, aven in GLUTP dalebases, minkmize

such synchrannus communinaiion can el aveld confanticus dals stoess

and wnscessary locks on data records and dats pages. In varous examplas,
the DEME 10 can amelionts the issue of aborls resutiing from changss W

TiDs that cannot be venhied by use of spenific dats stuctures (8.0, "Master
Tras"} that insluts meachanis

S {8, moved ar changad bils) descabed in
aduitional detail vt referance 1o figures sl operations corresponaing 1o the

partoutar dets struchures.

[O8103]  Some implementations of QOC oy nchude mechanisos for

fracking “antidependencias” e, wite-alter read conflictsl. For exampla, in
GTHS SCRBEIY, & TEnsacton T oo read & tuple fror e delabase, and @
corirran ransaction can then ovarwits the value of the tuple resd byt
The DEME can order t1 before 12 even afer o potential crash and recovery

foore parsistent logs. To schises thiz ordering, most sysioms roguire that §d

CONETRINIGAS with 12, usually by posting 8 corrasponding read-sat o shaed
MBI DY using 8 ﬁ:&ﬁsimii‘yf«agségneﬁ, monctomealiyinorsasing ransachion
3. Sorns non-serisizabi systems can svoid this communication, bt they

suffey from anomeaties ke snapshot solation’s "arites skew”, BExample
implementalions of the present disciosure can provide senalizability while
svoiding sl sharad marnony wiites for read rsnsactions. The commit grotonot
iy the GO0 can uss memory fances o praduce soalable resulls cansisient

with & serial ordder. Correct recovery san be achieved using o foms of spochs
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fased group commit {o the stratifisd snapshnt A0 implermsntsd by e g
gleaner process TG

[00103]  Inosuch implemeniations, ime s be divided indo @ sadies of shant
apochs, Even hiough transachon resulls can sheays agroe with & sanial order,
the system does not axpliciily kaow the senial order sucept soruss epach

Sourdanes. For sxamply, 81 soours iy an spocd belors the spoch iy which

12 g exeouted, then 11 precedes 12 i the serial order. For sxample, the log
writer 285 can log transantions in units of whole spochs and rolease results gt

apoch boundaries as inudbvidiugl gpodh fog Nes 287,

[O0104]  Av @ rosull, varbus implomeniations can provide the same
guarantees sx any sanalizeble databass withowt unnecessary soaling
bottlenacks or sdditional ntenay, The e:smns usad 1 help snsige

sorializatilty can be used by othey gspaciy of the prosant disclosure {o
achisve oher mprovements. For suampls, epochs can be usad fo provide
database snapshots that long-lvad sasdoniy franssclions G w1 reduse
abotis, Ths and other spoch Dassd pechamsms ans desaibad in additiongd
detal harain

{00108]  Distribuled Log Gleaner Process

{D0106]  As dosoribad hatain, log snlfey corrssponding 1o rarsactions

sxacuted o dala i the voistie dats poges 38 Gun be slored in peivate log

buffers 225 smdior fles s &1 pach noda 30, Sol, or cove 28 In sueh
nplameniations, to iax{.‘ advintsne of he high spead gxacution of
fransachons on dala in VEAN 30, vanous implamsnistions ssparsls the
construction of He stratified snapshol J70 from the axscution of the

fransactions.

0010TT o oone ssample inplemeritation, Big construction of the stratifisy

gnapshol 370 con He digtribuled among he oores 35 andior e nodes &G
Such consteuction e inchude distnbutsd going, mapping, and redusing o
systamatically gloan and arganize the maay cunourrant ransactions axgculad
By the many protsssing oorss 25 on s volatils daly pages 35 o answes
sariaficabity of the dala in he corresponding snapshad dats pagas 46w
NVRAM 4G
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[OOT0B]  FHS. GA Mustrates s ovsnvisw of s sonstiuction of the stratified
snapshot 270, The construction of the stratifisg snapshot 270 & the NYRAM
40 can be based an S0 of nods spacilic apoch kg Bles 287 cormaspanding
on data records it the wialds dats pages 35 of the intarnode accessible
page pool £10 In some implementalivns, the spoch log Tiles 367 we
ganerated by log wiler processss J85 in the cormsponding nades 20, Each

apoch fog file 287 can corespond {0 @ padicular apech {8.g., 8 pavticular ime

pariod), The spochs can be uniformiy defined soross sodes 20 such that sach
g wiiter 285 can generale an epoch ng fie 287 for asch epoch such that the
start Hmes andlior the siop imes are congistant aoross all epoch og files 287,
The log gleansy process 110 can then organize operations based on the
spachs o snsure seriafizability of the bansactions corresponding to the fog

sntrias when generating the siratifisd saapshol 270,
[00108]  Pointer Sets

0OTH0]  As desoribad harelin, concuiancy aoanirad techniuss usad in
YRHoUS nplameniatons can be oplimishi and e handdle scananios inwhich
volalile dats pages 30 are oocasionally sviciad Hom VRAM 3¢ That s, when

sHons, then & oan be deleted from mamaoary o free

by e o number of Fanga
U spare i the VRAM 30 for more sofively usad dats pages. In arddition, e
DEMES 100 can alse drop ¢ volatile dats papes 35 from VRAM 30 whan it

datermings hat he wolalis dale page 35 and the correspenading snapshat

dala pages 45 we phesioally antival v ong anotheyr

01111 Once s wlalile dats page 30 i dropped Fom the VRAM 30,
subsanuent ranaacions may anly so8 he read only snapshol dals pags 45

3¢ 8 ansaction modifies & dals recovd In the snapshiol duts pags 45,
thare s no need o oreate & wolatile dats page version of the snapshot date
sags 45 I the bansachon involves & modification fo3 dats recand m e
snapshol data page 45, then the DEME 100 can wreate or stell & volatil

0

N

date page 35 i VRAM 30 based o the igtest snapshot dats page 48 i
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NVRAM 40, However, this can violate seriglizability whan other conurmnt

fransactions hawe abveady read the same snapshol dals page d&

[G0143]  To dotest the instafistion of new volutile dats poages 38, sach
fransaction c8n maintaht & pointer-sat 312 b sdditon o the rpad-sel 210 and
withe-set 211 YWheasesr 8 cors 30 sxecuting & soriatizatds fransaction follows
& dual pointer &0 08 snapshol d8is pags 45 Decsuse Nere was ne valalils
date page 35 8., e volatle pointerwas NULLY R oan add the physioat
address of the voly

e data pags 35 fo the pointerest 213 so that H oan

perfarm g verification of the tuple In the valatie dala page 38 during 3

the fuple. The venficalion can use sechansms of the mastactee dala

structure desaonbad in mars detal herein,

00113]  For Husiration purposes, the pointer-set 312 can be desaribed 83
being analogous 1© g node-set feug., dals pone version sol in soms ine

N

msnony DEME) However, he pointerset 212 serves a diffsrent purpose. In
mememory DEME, the purpose of the node-set is 1o valicate data page
comtents, whareas implemeniations of the present disclosure can uss the
pointerset o venly sxigtences of the volatile dalds page 38 iy NYRAM 40 In-
mamary DEME do nof vertly the axistencs of now wolatile duds pages 38

ey

e contanis of wo

of th present d
meehanisms nouded in spadific date shructures desenibed herain,

solnsre profest ot pages 38 with

{B0TH4]  Vanous mnplamentiaiions acoording 1o the prssant disgiosws oan

rechices internads conmiesicationg, To that end, o DBEME 100 can noduds han

YRAM 30 resident dats page podds. One of the dats pages pools can ingludse

the volatibe dats pages 35 and the other for caching snapshot dats pages 45,

fividoal nodes 200 In

Soth date page bulfer poaly ars allocstad ocally i in
SO axamplies, nodes 20 oo scoess the volatie dals page Huller pools i
sdhiey nodes 200 Howawer, snapahot data page pood o cacha 130 cany bs
restricted to ahow only the ool BoC accsss 1o minimize remote-nods

BLLUEIRR.
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{GO118]  Hecauss snapshot dala pages 44 are mmutabls, the snagshot
data pags cache T80 can include severy! properties st distinguish #iom
othey butfor pocis. For exampls, when § Core raguests 8 dain pags that has

alrsady beoen bulferad, ¥ s atospinils § socasionally the dala page s reraad

andd & duplioate image of the dals pags added o the volalile dals pags buffer
pond, o most srenanog, thig duplication of sn otoasiknal daly page does

vioiats coresciness, nor doss i impan! performancs. iy addition, the bulfersd

iMage of @ snapsho! dsds page in the g oats poage cache duess not nesd o

be uriigue, B s not an lesue F e volatle dats page butler pool dooasionally

cortaing muiiple nages of 8 gven dals page. The soossiongl oxtrs copiss

waste ondy 3 negligle amount of VRAM 30, and the performancs gaing
achiaved by srploting relavsd raquirenants on the DRMS can be significant.

These and othar aspecis of the snspehol cachs 130 gre Seacribed in more

datal hewin
[G0118]  STRATIFIED SMAPSHOTS

0OTET] An used hersin, ths toom “shralified snapehol’ refars o any dats
structure that can store an srbddrary number of eges o oopies of the data
added o or changsed rvoiatils dals pages 35 N VRAM 30 1 responss i

fransachions corenitied during sorrasponding e paricdds, OF apoohs,
Syratfieg %w“pm@& TO can by ussd i various sxanyds implemeniations &

fii s

. ard slorage efficiencies in the

wgaﬁséaaiim of data stored iy NVEAM 40, I particular, gtratibed sapshots
S0 can be used o slore o and relnsvse JRES records from snagshot dats

sages 45 stored i NVRAM 40 with reducsd computationst ovechead by

avording complex searches, reads, sod wiiles in data pages n NVRAM S0,

5{&&% 18] Inosoms mplsmentations, he soapshol dala poges 48 in the

stratified snapshols 370 s craated by e g glsaner desonbed hemin, To
avoid the comprutaions resorss SxpeEnes assoviaiad with genacaling 8 naw
imrage of e entirg database when he snapshot data pages 45 g updated,
e Fop gleanar oant raplacs only the modifiad parts of the database. Fow
sxamphe, o changs g retord in @ particular snapshot data page 48, the fng

SIEANer ITODeEs My e 8 new doia page that ncludes the new vergion of
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e epcord, To ingorporate the new aals page indo e nspsted data pages
48, the pointers of the related date pages can beupdated, For examply, the
poinders of anoestor daia peges g, parent dats pages of the replaced data
page ars updated 1o poind 10 the new date page and new polnlars are wnllen
o the naw dals pages 1o point o the child dets pages of the dals page the new
data page replacad. i such implemendations, e op gleanercan output 8
snapshol that & 3 singls image of sl of sil e dals stored in 2 particdlar

[O0TE8]  Inosuch inplemeniations, DBMS 100 can combing mutiple
snapshats fo form @ stratifiad snapshal. & described hevein, nower
snapshots overerits some o all of older soapshots, Esoh soapshot g
include & compiste path twough he hearohy of dets pages for every recond
Y STy spooh up b the fms of the snapshot. For sxampls, the ool datg
page of 9 modified storsgs & shyavs iIncluded i the snapshal, and in some
cases e only change I the pesvinis snapshol is & change 10 one pointer
that podnts o @ lower leved dats page in the hisrarchy of snspahotl dats pages
48 The pobders in lower levels of the shapshot point 16 the pravioug
snapshots date pages. Une banehit of such mmplementations & hat &

ransaction can read & singls version of the stralifsd snapshot o read a

renovd or & range of records. This characioristics 1 helpful i soanenos in

which the sistence of & key must he deterinad quickly, such o i OUTR

databases {o.q., heering records o & table tht has prisacy key, or reading
A 1ange of kays 88 8 more probismatic oasel Dalsbases that usse primitive
ree structures, such a8 log-structured-msrge ress (LM -Trees), approaches
may D raguired 10 raverse sovaral reeg Or mgan varius Bloom Fillses for
o ansurs senalizabidity, The computations! and slorage sverhead in such
databases is proportionat fo the amow of oold data in seoondary storags

D

fe.g., hard-disgk, fash memory, memrist

.....

data i the primary 2orage 8.0, maln memory, DRAM, SRaAM, efel

OU20] s desonbed hacsin, the g gleanes procsss can nclude
coardinated opergtions performed by many cores iy many nodes 20,
However, for the sake of simplictly the log gleaner is desonbad 88 8 single
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sowrponsnt of functonaily implamantad 88 & omldnation of hardwarg,
software, andior fermears it & madlicors aystem 10 with large arays of VREAM
30 ang hugs arays of NVRAM 40,

[0O421]  FHG.OB depicts an example dats flow of the internoede log gleansr
provess 110 As shown, oath nods 20 can ganenats the sponh oy fley 287,
While only thras nodes 30 are shown, oparations of thass fres nogdes 30 ars

\

Hlusteative of the ndernode log gleaner processes 110 that inchuds many

e andes 20

B2l Gnece the spoch log files 367 are gonerated and stored inthe
NUYRAM 40, the naxt stage of log gleaner process 110 can indlude runming
mapesr 111 ard reduces 113 pronesses. As shoawn m FIG. 88, the magper
Drooess TH can be pevformed i sach ong of the nodes 2. In such
implameaniationg, he mapper process 11 can read enties from fog files 267
aysuiated with ¢ particalar apoch, For example, e mapesy process 111 can
read al of e log entries for & spoecilic period of e Je.g., the last 1o
sesundsl The mapper procsas 111 can siso sepanmnts e :Eag Sinss s
buckels 373 Each bucks! 373 can conlain & log enlties for & paticulas
siorage (8.4, 3 parficular collection of daly pages organized sceding v &
particutar date struchers typesh Separating the log anties nio coraspontiing
Buckats 273 can inslude mﬁ@s‘iﬂg mg‘g andnies o bulfers c‘%@rr‘s‘szssegmnding o
storages

associstad with 8 talile of customer paonmaton and the huckets 2732 ¢an be
Fssoninied with databhass for antempnss wiss fnancial ansactions.

U0123]  Onoe s bucket 373 & a parlicular storsgs is Rull, the redusey
ocess 113 oo sort and park

wn the log entries i the bucke! based anthe
Boundany kevs for the slorags delemined by the magpsy 111 The sedducer

process 113 can sand the parlilionsd g sninias 1o the parliins 371 ot the

ﬂmﬁm;ej stratified snapshot FH per buchst

O0134] I some sxamples, the partitions 371 can e delermined basad o

which nodes 20 st sccossed speotfic snapehot dats poges 45 371 Yo tack

e 20 performed the las! socess, the DBEME 100 can nsert g nods o
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Sots Kantifier n he srepshod date pages 46, By capluning the locality of the
parhtions, the mapper procassss TH can seond most iog sndviss o @ reducsy
T i the same node 200 In such implemaniations, the mgppaer 711 gan sand

the Ing entries B he reduceds buffsr 118

[001358]  Sending the oy endres o e buffer 118 can include & tras-stap
CHITAIE CRpying mechanam. Tha mappsr 113 can firs! rossnve space

the reducer's hulfer I8 by atomically modifving he slete of the raducer’s

Bulfer VIS The mapoer process 11 can then copy the entt

2 bucket 373 into
the reserved space in & single wits dperation. Using 3 single write operation
10 copy all the log eniries i the Duffer 115 can be move efficient than
parfanTing multiphe wiite oparations to write sanh Ing enlry in the fog
incividually. By some implementations, mullinle mappsrs 111 can copy

buckeds FF3 of oyl

& log entrise o comresponding bulfers 115 0t paralig
feg., multivle mapners 111 can copy Ing entnes I the same buller 273

connurrsritly). Such Copying procssses can improve parfarmantes of willes
3 lonal node 20 and in ramate nodes U becauss such sopyving can be one of
the most resouroe intensive opargtions in DBMS spearations. Finglly, the
mapper 111 can alomically modily he state of reducers bulffer 118 &0
arunce the completion of the copying. Faraxampie, the mappsy 111 can
changes 3 fag bl o indicate that 3 copy 1o the reserved bulfer space has besn

populatad,

[00128]  Once the log entries are placad in the gppmpiate g raduder
puffsr 115, the og reducsr 113 can construd! shapshot dats pages 4i in
batchas, A raducer oan mainiam o bullers, Ons duller 115 for the current
batady and snothay bulfer for the previpus bateh V17 A mappsr 113 can wiile

o the current batch buffer 115 wnlil itis full, as degeribad above, Whan the

curren betoh s Rl the seducer 113 can alonucally swap the current snd
provicus balches 118 and 117, It sorne implementations, the reduser 193 can

e wall until sl mappars 111 complete el copy rocesses,

OD1ET]  VWiille magpers T copy o hs new currant hateh bulffer, the

rechicer can dump the log entiss in the previous bateh buffer o a fils, Befos

durrping the jog snfries invto the ke, e reducer can sort the log sntries by
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slorages, %\ﬁy&\, angd sorimiization order {8.¢., spoch ordsr and n-apoch
ordinais). The sorted fog anides are also refemed 1o a8 "sarded-rung’,

[00138]  Once sl mappers 11 are finshed, sach reducey 113 can parfoem
& mange-sort operation o the current bateh bulfer in VRAM 30, the dumipad
sorfedains 117 8nd provicus snapsho! dats pages 45 § the Rey rangss
geatias. This can meeull iy slreams of log entiies soried Dy stomages, deys, ang

S,
then senalization order, which cary be efficiently spplied o the snapshot 370

For axampls, the shraams of Ing andries can be adoed o the siratifisg

shapshod pages 370 i batth-apply provesses IR

001281 The i "map” B used herein o refer o highenorder funchions thst
apely & given function ¥ sach slament of 8 Bel, and relms s list of resulis B
is oftan oatied spply-to-sil when considerad in funshonal e, Acoordingly,
the W Tmapper refers i a process o module In & comptiter syster that
CHN Soply & function B some rumber of elements (8., g ertries in 8 oy e

[08430]  "Raduce” ix arm used harain o refer 1o & family of higher-ander
funchions that anslvze 8 recursive dats struchure and recombing through uss
of & givan combining oparation the resulls of racursively progessing its
constituent parls, balding up 8 refum vsiue, A raducer process, ov @ reduder,
sorne defaull values i be used under cartain conditions. The reducer can

20 by oo & funchion, 8 g node of & dala strutturs, and possitd
then combine slamants of the dats struchae’s Neramhy, using he fundlion in
& syslamabc way,

00131 FIG. 80 depsts s visugl repraseniation of how the node spealis
partitions 71 of e stratified snspshod pages are combingd o create 3

Y

sownposte inlernude snapshol S70. For example, parfiions 2711, 8712, and

2713 can be nesident in the NVRAM: 480 of corresponding nodes 20, The
vanous parfitions 71 can be Hinkad 1o ong anothey hrough appropniats singls
and dual pointers 250, Such pobiers oan slude the phvsioal address in e

WERAM 30 or NVRAM 48 in ol andd remode nindes 200
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00133]  Faditioning the stralifisd snapshod 270 aoross nodes 20 can stuink
slorage sizes and halp avoid the expenss of managing Sng-grained incks.
Partitoning can be effective whan the quary bad matches the partitioning

(8.0, Cores 25 socess partitions of Ihe steatified snapshol A0 resdent o the

B3] Use of snapshot dats pages 45 can avord wiling & cumnplate naw

vagion of the hey-value stom of database. inslead, the DEME can mak

such, the snapshol 370 i e NVRAM 40 can Do roprasenied by 8 composite,
of @ stratified compilation, of anspshat pages 48 in which the changes o the
norevaintie dale can be ropresanted by changes o the dusl porders 388 and

thsir correspontiing kays.

[O0134]  FIS A o Sowchart of & ethod 700 for sxscuting & ransaction
gocording o vanous implemeantations of the present disclosure, Method 700
san bagin At b 703 rpwhich the OF MS 100 con rocades & fransastinn
request. The transaciion requast can be reveived Frowm & wser, such as a clisnt
compuling devics, & clisnl sppication, sn sxismsl ansastion, or other
opeeation performesd by the DRME 100 Such fransaction rogunsts oan inchwds
information regacding e dals on wiich e angaction should spevate. Foy

gvample, the iransaction requast can include an input key coregponding o 8

partioular i, In refsted implementationg, the ransaotion request can
nchads an identifisr assoninied with & particular slovags.

U035 Inosome implementations, the DEMS 100 can assign the exesution
of the transaction fo g parlioular grocessar cars 25, It such implementations,
the selection of & parBouler corg 38 can e based on pradadmingd or

dynamicaily determined load-balanaing tsohiigques.

[00138]  Abox TOE, the DEME 100 can determine § reot dala pags
assonizlied with the input key. To delerming the roct data pags, the DBMS
10 can efor fo o matadaia Sls thal inciudes 3 painters 1o the oot pages of

L
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ruitiphs storages. The meladata fie oo b wganized Dy k8V-VRILR rangss,

storags ideniifiers, or the ke

[BE137]  Once the oot dats page v lonated, te DRSS 100 can follw the
cus! pointers 250 i the roof page based on e gt ke, sl box 707 Esch o
e dunl poivters 250 can inchads volatile pointer 351 andior 8 snapshat

penrber 253, The volatile pointer 351 can includs g physical addresa ol a

RLLLY
walis, At determination 708, the DRMS 0 ooy determing whather ornat the

olatiie pointer 251 i NULL. I the volatile pointer 257 & NULL, then the
DEMS 100 can lilow the snapshol pointer 253 10 e coresponding snapshot
page 48 in NVRAM 30, st box F110 Atbox, T3, the DEME 100 can copy the
srapehol page 45 {o inslall 5 corregponding volatile data page 35 n VRAM
30, To track the locstion of the newly insialled wislile page 38, the DEMS QG
Gan gad the physicyl address in VRAM 30 o 8 pointerset specific o the

odatils pags 35 1 VRAM 30 or & "MHULLT value. The snapshot ponta

nolude a physical address of 2 snapshot page 48 i NVRAM 40 or g

ransacton, 8t box T15. The pointer-sel can ba used for venficahion of e
fupke it the volatie date pags 38 during & preeconumt phase of the ransaction
and abort the transaction  thare has bean g s’l‘l&i“i}ﬁ o the tuple

{BO138] i & dutevrdnation TOR, the DEME W0 determines that the v

oointer s not nuil, hen ot by 717 the sysiem can foilow the wolalls painter fo
e yolatile pags 45 In VEAM 30, From box TS or 717, the DEME can
gengrale 8 rogd sef for the gk sssocialed with the input key, stbox 718 As
desenbed herein, the read sot can ncluds & varsion number, sudh as g Tk,
that the DEME 100 can use {0 verle the particylar vession of the tupls. In
some nplamartatons, the ead gat oan aise nciuds the aotush lupis

associated with the nput key,

{00138]  Based oo the upls, andior oy dala, sssonsisd with e it
key, the DBME 100 cangeosrals 8 worile-sel 8t Dox T3 Far &):amsaia, the
vrte-gat can molude 8 new valus Ry the hupls and 2 new THE The wala-set
can be e resull of & bransaction st inchudss pperations that changs the
tpde ansociated with the Rey-ralle i Some way.
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LI R &* bo T3, the DRME 100 oo bagin & praconit phase iy which
o ook the volatile pags 30 an comparg e read-set o the T anlior
fuple in the volatile data pags 38 Al deternination 725, the DEMS 100 can
analyze e comparison of he read-gat o the current version of he fuple o
dedarming i thers bean any changss o the tuple. I there have besn changes
1 he tuple, hery DEMS 100 can abort the currant ransachion and
reattampled by rslurning (o box FOT AL box 737 ithers have bast o

changes 1o the tuple, then the DEMS 100 can ook the volatie dats page 35

and write he weite-sat fo the volatie dats page 38

[OO144]  Atbox T35, the DEME 100 can genersle & og anlry comespaniting
o the ransachion. Ax desoribed hergly, g antry oo nnluds information

regarding the onging! ransaction rpguest, the ongingl input key, and any other

information perdinem o the axsoution of the ransaction. in some
imple inn the log entry ooy include pushing the log enlry
i 8§ S spe e ii‘i{;} Puffer 35 The log snlry o s

1 they oo

spaciin povale g k}z.;fiez_s 235 untl iy processsd by he og witler 288,

[00143]  FIG. 78 v 2 Rowehart of @ method 701 &y processing fog enties
from mutliple cores 2& i multiple nodes 20 o gansmals 8 parlitfoned strstiied
iy whtioh the DEME 100 can
transaction log enties corresponding 1o ransactiong on dats n the

snapshot S0 Mathod 701 oan bagin st box 708

read

15, te ransacton kg soties s

LS

fead
S5 i @ particidar nods 00 Accordingly, the ransaction og Nes 387 can s

from fog Hlag 267 that inchude transaction log enines from alf the cores

[O0143]  Ahox T4, the DEME 100 can map the g andries oo the g
36 S8T il buckets or buflers 373 acconding 1o key ranges o siwags

identifines. o some implameniations, mapping e g enbies ot e i

287 into the buckets 273 can he porformed iy 2 distnibuied Mapner process

{O0144] AL hox 708, the DEMS 100 can parition the log entries in the

N

buckeds 373 according to varous organizational methods In ons
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iplavniation, he paritions can be detwrminsd based on ime parind of

\‘ ¢

gpoch. Boxes T0R theough 708 can then be mepeated o progess sdddionst ing

antries coresponding o ransacions subsequantly axesuiad by the DEME

{0048 Onoe the log sntries are rpanized according o partilion, he
LHERE 100 can copy By paritioned log sniries inlo the comrespanding balch
buffers 115, at o 708 AL boy 718, the partiions of log enfriag fan be batch
g, A hox 713, the DBMS
100 can generaie @ new norvolatiie dala pages 45 Based on the fle of sored
lag entriog i the NVRAM 40, Each of the navw nonwolalile dats pages 45 tan
have ¢ comesponding physioal address v e NVRAM 43

N

SOPRd 1o genorle 8 ingie Bls of sortsd

(004481 Al box T4, the DEME 100 can genenats new poinfers o the
physical addresses of e nonvoistile dals pages 38, The naw pointers can

replace the ol poinders i the axsting parent nonvolatie data pages 48,

updated to point fo the new nonvalatie dads pager 45 As descoribed havain,
the old nonvolaiite data ;z oes 45 gre nvnutable and remai b NYRAM 48

Thus, pointers that use 10 point 10 ofd noreolatile data pages <5 can be

Boxes 708 through V14 can be ra@ea@&ﬁ a5 mors log entries are pactitionsy

into e bucksis 273

{O014T]  Bnapshot Gache

{00148]  Roadonly ransactions o not resull iy changes or updates o the
data in e DEME 1. Accordingly, 1o avoid the compulational oyerhead and

fial dalnys associted v

protent

ralvieving dals from snapshol dals pages 45,
varous mmplemeniaiings of the pwmr&* gdiaciosurs oo nichuls 8 regd-only
wpshiol seche 180 can indlule 8

soalable isah&wmh* angd huffer _s:mi for mﬁﬁ»@niy sngpshot dals pages 85 &y

¢-|

H-DICessgy computing systems with

LS8 11 ransgchon key-valus sores in m
hybnd VRARM J0MVRAN 40 stomge. The dats How v and sxample snapshat
cache 130 is depiciad in FIG. 84, Whils the fechnigus for using the snapshat
cachs 130 i3 desonbed in raference o the uss of the hash abls 812,
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srapshnd cachee 130 may also be appliad o other cathing mechanisms i
shnilar read-onty dats struciures.

(001481 The snapshot cachs 130 can include & bufter pool. In general &
butfer poot can provids uselul funciionslity to the DBRJME 100 10 which 8 ussd,
For sxample, 2 boller pod! oan be ysad o oache the data secandary sioeage

date pagss i avold Diputioulput accesess 10 e secontiary memy (g, e

MNVRARM 401, ang thus increase the performance and speed of the s

e & hash abls

S12. When the snapshot cachs 130 recsves 8 readhondy ransaciion 810, 1

can conver the kw ciaded i the argaction o a hash g using the hash
fable 812, The corresponding snspehct pags §15 can by retrisved from the

{O0180]  As Bushated, the gnapshol cachs 130 caningl

stratified angpshot 370 and assodated with the hash tag. in some
implerneniationg, the anageho! pags B can be assovaiad with & counter
230 The counter 820 can be innamenied or decrementad affer some paried
of fime or number of ransacions. When e counter 820 of @ parfioular

srapshol page 15 i the snapahol cachs 130 reachss 3 trashold cound
{80, sare for courders that sre decremaented, or & pradetsaminad counter
valug for countders that am norsmantad), the sngpshot pags 81% can bs
siacted from the snapshol cache 130, It this way, snapshol pages 815
have not recently boen wss oo be giected from the sna;:sa:m* {3&{35"3*‘3 3G

m

make ronm o other sanapshot pages 818,

001811 Inmost instances, when another rasd-only franssction 810
reguesis 8 kay, the snapehol cache 130 can delsoming whsther 8 copy of the

snapshat page 815 assoaat
snapshnd caghs bassd on s hash b 8IS Hihe snapahol pags 815

associated with a particular key sxist in the soapahol cache 130, then fuples

from the sospaii %pa g 818 can be quickly read. I howsver, the snapshot

4,3

e 815 aesociatad with the ey i not slragdy residant in the ghapshat
mma 130, e s:f}rmamm:ﬁm srapehol dete pones 45 ooy be retrieved frgm
e siratifed sospshol 370 and ssscoinisd with (e Key i an sppeopiate hash
tocation.
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[OOT8E]  Insoms implemaniations, (Rt can ranslarrsd om NVRAM 40 o
the snapshol cachs 130 i biooks of fived sive, caled cache Bnes
Avcordingly, snapshol peges 818 can be used as the cachs ines, Whan g
sache Hoe s copled o NVRAM 40 infe the snapshot cache 130, o cache
sniry can be oraalad, The cache entny can includs the snapshal data pags
15 an wall ag the requastad mamorny boglion (2.4, he hash sgh

[O0183]  Wihen o readhonly rensactior 810 needs o mad ¢ sngpshot data
pags 48 associated with & paniculay kw o tha NVRAM 40, 8 can fist
check for g corraspanding aatey 1 the shapshot caoha 130, The fransaction
S48 genarates the hash g coresponding o e key and checks fr the
snRpehol sans 8185 sosonciated with the hash tag. I he bansaction 814 Snds
the mstching snapshnt pags §15 in the snapshol cacha 138, 8 canhe b hag
gogurmad. However, i the ransaction 810 does not fing & matching svapshid
page 315 i {he snapshot cache 130, @ cachs miss has oncurmed, Iy the cass
of @ canhs hit, the anssch

G can immadialely roads he dals in the cache
Boe. I the case of 8 cache ruiss, the snapabot cachs can allooates new antry
and copies wrihe appropriate snanshot dala pags 815 fom the NVRAM 48,
The transacton $10 can then e compleied urig IS sontents of the
snapshod oache 130

{00164 Example hash teblas can inslude 8 hopscolch hashing schamea,
Hopscotoh hashing is & schame for resobdng hash colfigions of valuss of hash

funchons o o ke using open addrsssing and i well suited B inplemanting

a concurrent hash table. The oo “hopsooieh hashing” & desoriptive o

sequence of hops that chanscterizg the schamg used o inssrd values into the
hash tabile. Iy some sxamplag, the hashing uses 3 single armay of n buckels,

Tach buckst has neighbarhoud of consscutive buckets. Each nenghborhond

includes s emall collsction of neary consetutive buckats (8.9, buckets with
indexes close 1o the origingt hash bucketl A desired property of the
naghborhond s hat the cost of Snding an Bem o ihe bucksts of s
naghbortod 8 coss fo e cost of Hnding it he bucket kel Jor sxample,
by having buckets i the neighbormpod fall withi the same cache ng), The

size of the neighborhond can be sulfficient 0 socommodals g logarithmse
number of dems i e wors! cose (e, Emust scoommadats login) demsl,
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g & constant numbsr on averags. I some buckst neighborhood & illed, the
fobie can be resivad.

[DOISE]  In hopsooloh hashing & given value can be insereddirde and found.
ghberhood of e hashed buckel In other words, # will abways be

fouarrd sither i i origing! hashad array anley, oF i1 oneg of the next H-1
righboring srines. M could, for sxampls, be 32, he standard maching word

gz risal” bucket that hes fed size ang

ze. The neighborhood s ihug g td

suaraps with the next BT buckets, To spasdd the search, sach buckel (amay
ariryd includes & hop-ndormation” wond, a0 HDHE Ditmap hat indicates whith
of the nest H-U antries contain tems that hashad (0 the current endny's virlugt

bucke?, By s way, an Ham ogn b found quickly by oobing of he word 10 pes

which aniriss beleng o the bucket, and then scanning through e constant
aumber of enlnes (most modern processons support special B manipulation

oparations thal maks the lookup i the “hopenformation™ bimap very fasth

[OOSR In wsiriows wnplamentations, hopsootch hashing "moves the emply

shot fowsrds the desirad bucks!”, This distinguishss # from linesr probug
whtich legves the ampty sfobwhers i was foand, possitdy far sway fromn th
ariging! bucked, or from cuckon hashing had, by ordsr 1o oresde & free bucksy
moves g dem ot of one of the desyed bucksts v the Wrgst aravs, and only
Hyen iries o find the displaced dem g new pace.

{00 5?‘} To ramove an fem fom the hoagh lable, T oan De simply remcved
fromn the table antry. I the neighborhootd buckels sre cache aligned, then they
A e renrganized so that Hemes are moved nto the now vaosnt location i

order i wrprove alignment.

OOI58] o ong implemanistion, e snapshat cache T8 can sxplad the

frnutability of the soapshot data pages 45 Because the snapshot data

pages 45 and the corrssponding dala pagres 815 i the snapshoet cache 130
aee write-once and readanany, the snapshot cache 130 need net handle Sty
dats pages. Avoding the nesd 1o hendle dirty dats pages aliows for the
speration of he snapshat oache 130 o be simple sad fast in sudition, the
snapshot cache 1340 is nlerant of various ancmatias that could siuse sanous

sues in olher databases.
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[OOISH]  The snapshot cachss 130 of the prassnt divclosurs San tolerate an
soeasionat cache miss of previnusly bulfered dals page 815 whan a

franaachion requasts the dats page. The corespaniing snapshat dats page
{5 o sirpdy Do read sgain. Suah ootasiona! misseg do pat viokve

soreoiness nor affest parformanoe.

{O0188]  The buffersy version of » snapshot dels pags 88 dosg not have o
be uniqus ¥ the sngpshol cache 130 In the snapshot cache 130 ot the

presant disclosure § s ohay B occasionally have fwo or more images of the

sarne date page. The conswmplion: of VRAM 30 is neglygitnis

[00181]  Inone implementation, the cansumplion is stragtured as & hash
fable 813, The keys of the hash fable 812 can include data page Ds ey,
snapahol 1T plus data page offset) and offsels it memory pool,

{00182]  The hash lable of PG 84 con be & hopsaoleh hash table, as
descrbed asbhove, ha! uses cache lines. S

s of ha haeh alde aocording

1 e prosent disclosurs can use 3 single cache Hine read svan whan the
srrapshot cachs 130 moderately full, The origing] hopsootcl schams

descoribad above has nondrivial corpdexdty sl computational overnead o

make ¥ usaiul iy & mulliprocessor Sysam, Howsear, ths full complasity of the
hopscctch hashing can be gwoidssd i varicus implameaniations of He wessend
disviosars. For sxanple, impherrentations do nud take any locks. lnstead, ondy
a syl numbser of (e, onel of alomic operations oo be used &y inseris and
nONS §re necessary ko quaries. In one implemaentation, read-only ransactions
o only sel memory fencss,

{00183]  Thae hop' schams for inssrtion ke the snapshot cachs 130 of the
prasent disslosurs can b sst o onby restiempt the insettion & Hxed number of
fimes 8.0, only anoel. For sxample, whensver g GAS faily, the gvstem oan

fry the ned bucke!, thus fﬁ Hing he mmdmum number of sleps o 8 constant.
The inserticn schame cgn also ol the nurrder of hogs, i the numberof
reguired hops s move than & predetemmingd numbear, Hen he new antey oan
b insgried o 8 random nighburing buckst Whils this can cause 8 cathe-
miigs lnter, heve will be no vinlation of coevechiess. As sush, the snapshat

A sosie o s i

cache 130 & waildres and ook Jdres, such g
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IHRCRSR0T Syshvt T with e to no degradation of pedrmancs. This can
frprove the simplicty and spesd of the ather bulfsrpon! schemes,

[00184]  FlHG. 88 v & Rowchart of & method 300 for sxeculing & ransaction

using a snapshot cachs 130 Mathod 800 can begin at box 801, by which the

DEMS 100 can inttigie o rensantion. A dotermingtion B0, the DEME 10
Can delarmine wheiher e ransaction is & read-only ansaction. i ihw

Pe

rarsaction is nod @ read-only ransaction, then the DEMS 100 can find the

R

ool page sssocinted with tha key of the ransaction and folow the duyd
peinters 250 o find the arget wiple, at box 805, Al this point, he DEME 1D
car exesule the anssotion using vadous offwer implemeniations of the

prssantdisclosure,

{O0HE5]  Whowevsr, st dadenninalion 8O3, the DBMS 100 determines that
e transastion & & read-only ransschon, then ot bor 80 the DEME 100 can

chack 0 see i the ey oxists by the shapshot sache 130, Cheoling fo se

the ey awists i the snapshot cacha 130 can ncluds gansrating 2 hash valus
based on the input Rey of the ansaction, and cheching 1o see if a dota page
associate with @ hash value edsls. i of defenmination 807, the DEME 108
dadermines he key does nol existin the snapshot cache 130, then oan
inslall 3 copy of he anapshiol peos 45 sssocated with the key In the snapshat
cachs 134, and box 808, nstalling e copy of the snapshol pags 45 infe the
snapshol cache 130 can nolude accesung e snapsho! pages ST
retrigve & copy of the angpshol page 45 and sasociaie U with 8 hash value
trasad on the key.

OO18]  Qrice the DEME 100 determings that the koy alrsady srisls inthe
srapshat cache 130 at determination 807, or afler the DEBMS 100 installa o

cogry of the sngpshot dats page 45 associatad with the ey copy ot box 805,
fhien the DEME 100 con read luiple associated with the key rom the copv o

he anapshot dats page 45 by ihs snapahol pags sache 130, af box 811,

{O0I67] Al bow $13, the DBMS 100 can set or resel 8 counter in the

For axample, he counter oan include saiting s indeger value of 2 maximum
number of snaoshat pags cachs 130 socessss o 8n opnslion Hing,
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Socortingly, the countyr can B8 ncremenisd or decramentsd awaading o the
rumber of fmes the snapshol cache 130 s scoessed o based on soms
duration of me.

[OOUBR] A box 815, the DEMS 100 can ingrement the counter for snapshot
dala page 45 slored i the snapshot cachs 130, Ax deserivad havain, the

counter pan be incremeniad whenevey the snapshot cache 130 s accesssd or
basad on 8 raning clook. in relgted implamantations, the DEMS 100 can

mncrament 3 ooundsr for olher snapshot dals pages 45 v the shapshot caths
130, Al box 817 the DBME can giect snapshot pages 48 from the cash with
countens that have sxpired or roached @ threshold valus (g, reachad zere in
& degramenting counter or § pradelermined value in gn ncramenting countery
The methon can begin agsin &t counter 801 and sotions descanbed inboxas
B3 through 317 can be repaatad. In some implamaniations, box 801 can
bagin ;@gard‘mv of where DBMB 100 & i the procsss of implementing the
sohons in hoxey 803 317, For swumiple, DEME 100, can

milinle 8 agw
instancs of methoad 800 whils sxsouling e previcus instanos of & mathad
200,

o8] Date Struchres

{00178} Vaorous dote structures have been referancsd i descrine exampls
implementations of the prosent disclosure, For sxample, vanious

implamenialiiong of the present disclosury can be Rully regived uang dats

structures iy the dual memory sonfigurations thal includs VRAM 30 s
HNVRARM A0 Specdically, significant mprovements can b realizsd by DEMES

100 using dats structures such as B-Tree Troe, Mass Trae, Fogter B-Tres,

and the %m:» Howesver, addihional mprovements can be sohisvad by using ang

o roors of the nove! date structurss desonbed hergin, Dasoaptions of sush
dals structures ars desoribad in mors dolall below In refemnos 1o spedfic
arampis, Somes scampia dats sinuctures can intlusls masterdras,
appandiscan ondy hsag, and seriglizable hashandsy dals structures, Eash of
hese sxample data stractures ars desenbad in datail i corvssponding
dadivated sections of the disclosirs.
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0174l Master-Troe

0073 As desorbed herein, sxamples of the present disciosuns can use
vanous storsgs types, siso referred o herain as dets structures. Ong
parhoutar date structure, referred 1o harain 88 masterdres” type data
sfruchag, can e usefial in Roenaios nnwhinh cornpiex ransachions e
deswed, The e masterdres is g portmanteay of he tlerms “mess ee” and

“foster Bdrae” The masterdras dats structurs 123 that can inat

and high-performance DO for use I syatems similar to systam 10, Magter
e can alsoe provide strong invarancs o simplify conturenoy contral and
reduce abortsirelries. The masterdres dats structure 123 can also be uselu
for transactions that need 10 ACCess and process data records associted with
ranges {&.g., customer purchass history for vadous rangss of producis} can
brpnehit froom the use of dissd data sthored using the masterdres type dale
struciurg,

O0T73] Ag dosoribed haveln, the masiantres dats srucirs 133 3 g tree
type date structurs with charscteristios aod features hat can efficlently

stppont vanous other aspects of the present disclosurs indluding, but nt
Horvitead bo, NVRAM 40 resident anapehad data pages 45 and OCC, Fay

axampls, the masier-dres 123 can support key rangs accssses. Mastestres

Slao inclade machanisms for eificient snapshot cachs 130

00174]  Mosferdess bvpe dats shuctures can includs g 84-bit Buine where
sach layer s 8 Btree oplimized for S4-lt infeger kays. Most key compaisons
can be done ax sfficient 844 integer companisons with only & few vachs iing

fofches per data page that read layers further dowe when Bows am Dngey

Sian Sd-dat Whan o Ul data pags i sl 8 ead-copy-updats (RCU S
parformed 10 oreals the W new QIR Jages wilh corrasponding kavs, The
pointers from the poren dads page can than be updaied & point W the new
data pages. To sliow dats pageaniowt for volatile dala pages 86 n the VRAM
34, exampdy implamsntabions can use foster Boree type mechanisms. To dals

pagedioul e e M mamony, vanous e tvpe dats shrustes oan
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[GOY7S]  In o database with dats page-iviout of main meamory la.g., VRAM

30}, mulliple Incoming pointers Mgy Couse Bsues with concurenay sandrgd,
Master-tres date struclirss can Sddress such issuss wing fostsrchild fype
data pags spifs. in toster-child Hype dats pags spdits, 3 feniative parent-ciild
data page @{*@;}E}» e fostor-child, Mastordras 133 can gusranias a singls

relation i orastted and s subsequentty dedinked whary the sl parat

OONNnG pointer per data pags with this approach and o ten retire the ald
dats page.

HO178]  Mostor-tnes 123 can alas use systom ansachions for vanious

ahysical opsrations. For sxample, inserling $ newy recond can indluds
SXSCHIG 3 Sysiam nsachon Buyd physivally inswrls o logicelly dedeled

renord of he key with sufficient body length and & user ransaction that
togically Nos the deleted deta page and instells the recond. s worth noting
that systam fransactions are usefub when used with ngicsl ingaing, not
physiologios! logging, Bacsuse & systen ransacion doss nothing logioally,

dues not have o wille out any log entries or invoke 8 log manager. A system

1 imphemeniations of the presant Biscloswre can tekes raad-

selfwrite-sal ang follow he sams sommil protocs! 88 ussd in ather

fransastiong,

{00177 Implemantations of the present disclosure can includs ighbwseight
m-page sorisizabde concurrsnoy control in databases thet use dynamig reg
dats structures {e.g., mastertrass, Biress, 8lc i which the stz ol dale

iR, SREBL and the dale pages can be evioled ram VRAM

SO0 B Ll
S8 By osug Hmm{*ﬁ“{“}i SHONE, SR {\‘33‘(“;3&? ;iég‘é@ u&‘”@\igﬁ‘ collsction s

[00178]  Some DEME vee cubol-page look managers, othars uss sems
form of in-oage concwrency contrel. Lebofpage central ook manages ook
iogical dhats sdries in he date poges. Buch systems work svan if the dats

o

308 5 aviched becatss thers 1w Eiﬁ&kmg, machanism i e dala page el
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Moy, ot olpage ook mmnagens do not scale well becauss of the
ansociaten high computational and memory overbead resuliing from Swuse
of complax OPU caches.

[O178]  Implementations of the prasent disclosure inslead use n-page
ouking machausms and concuranoy contrgd that oan ba sosied and usad i
miit-procsssor systems 10 with huge VEAM 30 snd svern larger NVRAM 480,

r-pags locking can scade orders of magniiude better in scenanios inwhich

ncking would be the main Dollisneck, 8% B encounterad v corampanay
rudi-prosesser Compaing systams,

{0180 Inepage looking mechanisms used 1 vanous mplementations of
har han g fostarchild
mesharism used 1Y oS SONSmparany systems, PG, 88 Hustratss an

e prosent disclosurs use 3 fostae-bain machaniam

sxamgie of s nssrhors and adoption using muved-Bis s foster-twing,

aosording ke implemarations of the presant disslosure.

R0I81]  As shown, & storags oan okl one parent fiked sie Jdats pags
BEG-T angd oone child Hxed sies dale page 3OS The relationship can be

defermined by 8 g:@iﬁ%‘&f in the parent S50-1 that points o the ohild 888

size whan tha chikd 8802 & *i‘i;iﬁ., A

’&ifﬁ?ﬂ“g}* i3 mfmrm an m&iﬂﬁmn s couse the ohild B8G-2 o spit

(G081 Whan the ohild 850-3 spiita, the Tis of ail records in the child 858-
2 can be marked 8% "moved” and two Toster childeen, of "foster-heiny”, dals
pages Can be created. Fosterdwing can include 3 minor {or loft) foster child

’ The minor foster ohilg 850-3 can

Qi akg S B while B major foster

halffeg.. § 10 10 The maor foster chilg

8504 s anslonous to the foster «mﬁ ina foster Baree type dats structrs,
whille the minor foster child 850-2 can be & fregh-new copy of the OIF child
oty page BR0E, hefore or aftar compaction

{GOH83]  ALbhe beguwmugg of he spit, the oid child data page B50-2 carnt b
marked 88 moved”, which indicates that the ofd ohild dats page 8502 s nut
avaiable v subsstuent modifications, it one example, marking the ol child
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data pags O80T as moved can dlude satling 81 IN-page moved bt i ONT
Dty the neod traversal of the data structure, the parent dala page 8801 of
the ofd, or "moved”, data page S50 can find the new fosterdwin date page
S50-3 a0 850 based on e new pointers 8351 and 8352 1 the old child
data page S50, The parant data page 8501 o than adopt the major fostar
hild 8504 To adopt have the parent data page 8501 adopt the mgjor foster
child 200-4, the DMBS can changs the pointer 8381 o the old chitd dats
page 854-2 1o poind o ihe minur fosier ohild 580-3 and muwk the ofd child data
page B5GL3

88 “rebiredd”. This can incly

de instaiing polnters 8457 and G483
iy the parend 85041 pointing o the same physicst ooation of minor foster child
A50-3 and major foster ohild 3801 hat pointers 8351 and 9382 did. The
pointer 5258«1 from the parent 8501 1o the old chilg 8802 can be physically o
ngivally delated from he parant 8501,

[O0184]  Invanous Inplamentstions, the master-bee type dals shuches 123
Sy b Hinited t0 ang Beoming podetsr par Guly paos 850, thus e can he

A0 referancs (o the retived daie pages (8.9, G0 ohild S804} sxoapt from

conourrent ranssotions. Dhanng respacive pra-commit verly phassg 835

any convyrrant ansactions, the DEME 100 can node ths “moved” ndication
71 the records and rack he re-docatsd regords in the foslsrminor of fostsrs

ey children 8503 and 8504,

[OD185]  The following Bxampis D Bus
B used with the fosterdein machardsm in

s & pre-conyTit protes that san
PRk | ﬁ‘ﬁ‘“mﬁ‘?‘“&‘ii ong of the

prasen deciosurs,

[UO188]  Example 2
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HHE profacsd seoonding o

[OOBT]  The above Exampls 2 Mustrates 8 comay
vanous sxample implameniations. in contrast to BExample 1, e new location
of & TiD is dedaomined using the fostarbuin chain when the “moved b i

ghservad. Tha tracking can be performesd without! locking 1o svold deadiosks.

The records can than be sorfed by address and corresponding bokes can ba

sab bt the case oowlioh the spiit beoones stale, conturrant ranssciions can

such cases, aff looks sre released and the locking protocod can be

regilempled.

{OD188]  Ths use of foster-dwing i impiemeniations hat use bee byps Jdats
stuctures can ensure gt that every snapshot date pege 45 bas a slable hey-
rangs for ds ontire e, Regardioss of splils, moves, o retirement, & shapshat
dats page 45 can be a valid dals page pointing o pracisely the same st of
records via Risterdeing, This, even § ooncursent ansachions uss moved of
aven retinad data pages, Ris ot neceasary oratry from e rontof e dres as
s the coss nmess row and Raler Boree type dala stauclures.,

[D01BY]  This properdy san sinplly the OG0 desonbed hergin, I particular,

e is no need Ry hand-over-hand verfication protoools & split-counter
rotocols for mdonor Jaig pages o there i 1 mass e Uising mastendres,
the system can seah e ee by simply reading 8 dala pags pointer, angd
following # withoud placing meamory fences, The DEMS 100 can just chegk the
kep-rangs, which car b mmutable matadats corrssponding o thes data pags,
and lonally relry it the dals page 1 i doss nol mstch.

[O0480]  Sudch simplification not ondy improves soatability by sliminating
rolries and fences bt also makes use of masiesiree type dats slruchures 133
more a mandainable non-blocking date stnctwa. Non-biocking schames ars

s seaialde i many provsssor mplamanistions, Bowsws sty somplsy
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nan-Blocking mathods that uss various atonic eperations and memory fRoces

can e sror-prone sod st to impleroset, debug, el or svaluals
corrachiass, Most non-blocking schames often contain bugs et amn only
ratized after o Tow vowrg of didabase use. Thus, making the commit
arolocols proness sl and rabust is bensficial foy bulding real database
syshams. Finally, we point cut that the des of sler-bvins canv ba used in
other dynamic ree dala struchses

00191]  FIG. 98 v o Sowchart of & mathod 800 for inserling & new Rey or
dats record into 8 mastarines type data structues by spifiling 8 date pags
using movedhits and foster twing, Method S00 can begin st bex 802, i which
the DBME 100 can i
DR sssoointad with the key range. In some scenanos, the Sxed sive leal

Eate an ingortion of @ peodrd into o fned slve leaf data

data page may b e ol © accommadate the insarion of @ new key and
assochted fupls.

[00193]  Acourdingly, st boy 804, the DEME 100 can spit the key rangs it
o hey subranges. The b koy subranges can be sgual or wunegual fogt

X

hwin kay suls ranges.

[00183] A box 808, the DBME 100 can copy the Juples from the onginad
ficad sive Jeal dats pogs associpiad with kews in the Brst of the key subranges

als page, oF “minor Toster b, The new fied

tmad doly page can by associntad with the fvgl ofihe key subranges. &LHox
QOB the DEME 100 can copy e tuples associsted with the second key
subrangs to soother new fixad size lnaf dals pags, o "mgior fosler in”. The
second now fed see loaf dole page tan than be assooited wilh s seoond
of the hey subrangss,

001841 A boxe 910, the DEMS can fip s moved-dt and insial

poirers

g

the new Bred size leal data pages in the oid Hxed sive les! dats pags. Flipping

e moved-bi can includs wriling Sn spprepniate Do the old fxed size el
dats page. helaliing poinfers & the new fixed sive leaf dals pages can nclude
wiiling the address of sach of the naw fixed sized the dals pages o other

6 data

idication of he physical lotation in he mamony 0 he oy Gxeg &
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CRgE. THhE pOUNETs can aiso be assooizted with tha Rey subrangss of the o
neay Tored size loal dats pages.

[GOT8BT A box §12, the pointers to the new
Do added o the parent data page of the old fxed size leal dats page

o sive loaf dats peges nan

assovinted with the coresponding key subranges. Aocordingly, the pamst

data pags of the oid fixed aize Inaf gals pags can adopt the minor foster bein
angd the mgior foster dwin by deleting the poirders 10 the ol Bxed sive laal data
Sa0s associaiad with the origmal key rangs, st hox 814,

{00188] Serializable Hash Index

OO18T] o various wnplementations, the dala struchers oan

serisizabis bash ndey hat v soalable M ugs iy mulliornes

frge VRAM 30 and huge NVRAMAD arrays (o, compuling syele

& the hoth wolatile data

hash index data struciure can be used o ogar

poges 35 and snapshol dals pages 45 in some inplamenialions, e hash
indeos ot allows use of differant implamentations of OO0

OO1R8]  FIG I0A depicts an sxample serializable hash index 10 As
sheran the axample hash index HO0G can be e o of & oeddype daly

shruclure of dus! pointer 250 i VRAM 300 by some implementatons, the

hash index OO0 convinclude o fixed size number of im}?ﬁ?‘\ or levels, Winls

reforance i made 1o volatlle ¢

sariniizabde bash ndex 1000, #ahould e noted hat the hash indax can also
b viwest franyy the perspective of snapshol dala pages 45 In the NVRAM 40

The dual peintars 250 desonbed hersin can point o dats pages i aither the
VRAM S0 or NVRAM 40, a3 desonbed heremn

hash index z{:ﬁfi the nods

[00188]  As Hushraled by he example sedalizatd
vilalile dats pages 35, such as volatile dats page 352, 3563, 364 355, and

R8-8, can include dual pointers 350 that point to volatile dats pages 38 sl

snapshat date pages 48 dats thal are associated with speaific collachions of
hash valies {o.g., hash buckels of hash valuesh In such implesieniationg, the
hash values can b based on the input Rey noludad in g anssction oy

frarsaction ouest
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{G0200]  nsoms ampias, the oot gags 351 andior the nogds pages may
oty include e dual pointerg 250 that ultimately lead to e leaf pages. i
such implamertations, the el pages, suh a8 388, 307, 388, 8 el 3

5

1 can include the dats (s.g. luples, values, ar dats reconis) assodiaed with
e kay and he hash value, Accordingly, & may be unnscassany oy ihe feat

pages ia includes dual pointers 250 bacause they may conixin the key for
which a transachon s sexrching.

00201] A variable number of upper-lavel date pages 1030 can be pinneg,
or deciared that ﬁ*z@-y‘afiiwasys axiat a8 volatile data poges 38 in VEAM 30
Acoordingly, 8l of the duat poivlers 350 in the higher evel volatile dats pages
35 TG0 can by mutalds up o the el Dedeesan toveln HI0 and 1035 As
sunh, the highey level dada pages 130 san ba instalisd i the VRAM R o

sack neds 20 i the system. Accordingly, dala poges in the uppsr kel 1030

can thus be used as snapshot cache 130,

(002031 In the exsnple shown in FIG. 104 with ol but the last levsl 1038

nstalied n e nods oeal VRAM 30, the DEMS 100 may nead anly perform g

most ang remote node 20 data access for eaoh dald aooess i 8 ransaction,

Beoause this can consume 2 Hesd amount of VEAM 30 {8 g, msmaey

required o maintan the snapshal cachs, he numbsr of iawss pinsd in

WRAM 30 can be variable (8.9, based on user inpul or the specifications of
e conputing system)

s&,riaii&:_amé hash e 1000, Whan 2 core 20 intiates & iiﬁi“:’w{‘:i}} FEEES

cany insluds indicstions of an operalion and & key somesponding o the dats

o which the aperation should act. & hashiag coder can generats @ hash
valug aodior 8 g valus Dased on s key. The core 25 can then aseculs the

1D that includes the Key, the hash valus, and the g wilus

[00204]  To execute the tansaction 1018, the serglieable hagh index can be
searchad govording 1o the hash value, For axampde, i the hash walus 7Y
than the search for ihe key designatad i lransaction 1015 can execde tsg

R

following the hosh path 1020 Hrough dual pointders 250 i volalile pages
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and 358 hat point fo volalile page 354 {or s sopuivalent in e snapshot dala

pages A5} that containg the hash bucked iy which hash value 17 is contained,

{0G208] Each loaf dals page B which the dual pointers 250 pamd can
inchuds contiguous compact fags of si physical records inn e feal dals pags
S0 3 ansaction can sffviently locate whetherwhers o speciiic tuple prabably
sxindy wilh one cachs Une, Iy the pariculer example shown, the eaf page 3§
4 can nclude 3 teg Mmep WS that caiy indicate a probabiity that the ey 8
focatad in the volatile data page 384 Por example, i the tag value ganeralad
based on the npa kay of the ansaotion 5 not in the g bitmep 1ORE, then
e nput kay w delintsly not contained nvolstile data page 354 However, i

the tag valus i3 inohsded i e o Db 0I5 they thare i s chance {89,

probability » Q) thal the g key s includad in the leaf volatile page 384

002061 Ths ransaction can than search the valatie dats poge 384 for the

coresporing g hased on the key. o cass there are more dats reoonds iy
the Fuash bint than 8 partioular e

o page can hold, the leaf dals page can
b gnsonisied 5 Enked dats pags hat s ogual & or largsr o the capanty of

e loaf date page. o such npementations, the el data page can slive &

“neat-dats page pointer” that Hnks @ io another dala pags. A such, stldiionat

dala reoords i the hash bt can than be storsd n e bnked dats pags and
share the hash index and ag able of the origing! dala pags.

[O02AY]  Forexample, #f the dale contained associated with the hash bin in
the volatile dals page 358 1o be larger than the space avallatile 1 the volsiie
data pags 354, than the DEME {100 can instell 2 pointee 1050 that van poind
in e bontion of g nked volatle data poage 357, The inkad volabile dats
LagadSST can nclude another pointey that poinds 1 another inked volstile
dala. Ag such, the linked volalie dals pages 35 can be chained logsther o
nkad volatile

5% 83

furthar inorease the capasity f feal dats page 354 As the
dais page is Blind, ancthar page can be added angd g corespirrding poimer
can be nstalled iy the preceding nked page.

{BO208] s relalad implamentalions, the dus poider 258 in leaf volatie
page 354 can a0 hodude & snapshol pointer that points o the snapshat
data pegs 454, Similar to the configuration descnbed the key can be found
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oy ot found) using the g Ditmap 1025 and keys 1 the snapshot dats g

488, &g gbove the leat anapshot data page 454 {a.g., nwpvoiatie dals
pagel san be epandad by adding nk painters 1050 that paint 1o tinked

anapshol data pages 459,

{02091 Varows sxampls implemeniations that use a senalizable hash
ndey can inciuds eificient and scalebls concurancy contrd for use & pwill
prooessor hyleid memory computing system 1L v one sxampls

i ~i§>§&‘s§‘t&- niation, o nserl & now recond with & new assotated key, the
COTICUTERICY control can inchude @ syvstem ansaotion that scans Suough hash
path 1020 of node dals panes o g eal page ang is Hnked chain of inked
cdaly pages 1o condirm hal hers s e phsion! reoord {delstad o ot in ths

chait that s sssocisted with the new key.

O03HN i no idontical key is found In the chain, then the sysiam oan
parform 8 single compars-and-awap CAS) operation In ii‘}ﬁ gt Hnked dats

page of the chain o resenvs spacs for e naw racord that is 10 be sssoniated

Wil s new szw I the CAS fuils, the DEMS Q0 SJ‘*W‘{? CEN read the nowly
alid). i the inseried

ék.@:‘y w0t gsme o he new key, e sysﬁsﬁ*ﬁ ety i’s‘}f gsc;s‘z i tha CAS
SUCORSUE, he wysten can stors the koy and 3g andd thensst TiD to the
systam iransaction TIU with valid aod deleted flags. Exscution of user

173

ransacton can than foy 10 Bip the deleted Hag and G in the paylcsd of the

daty recard associated with the key using a commt protooal.
BO211]  Todalale an axisling key, he spsten can simply Hong s data

record and logloally delate 1 using the commit protoosl. by sane

implameniabions, ogost
Of Mpping a8 delsted isg.

iy delating & dala racond oan include simplh

inserting

002121 To updiate the paviosd of the date record associatad with the key
with larger dale than origingl, such that the record must be sxpanded, the
eyxisting key doss nof nesd e be deleted. Instead, & misrker 080 be hearted

o the existing papload st poinds the seanch o another key, referrad ©©

harsin a8 8 “duvany key'| insedad to the chaln,
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Q02131 Use of the hagh ingsyx desoribed herein San sosure hal & physicsl
rcord's key is immulabls once s created. As such, e count of physioal
recerds can e set o only noreeses and the count of physical redonds wy all

but the last data pages of the chain & mmudabis,

{O0EEA]  As with the other date sbruchess of the present discleaurs, recards
stored i e hash hdex labls desoribad heesin nan bs defrsgmantad and

compacted {8.g., skipping logh

Hy dedsted reconds) during snapshat

construction, The unt of logical sguivalance i the snapehativolatie data page

duahity is the pointar 1o the first dats pags.

[O0215]  The pariitioning policy associyted with sach dala page can be
dedanminad based on the number of reconds i1 the chain that have TiDs
issuad by specific cores 25 ar Solls In cavresponding nodes 30, Thus, #the
rraiority of the racords stored in g chain of dals pages are assosiatad wilh
TiDs issusyd by 8 perticulsr BoC, then thet chain can be slorad in the pariition
of e anapshol dats pages 48 resident in the NVRAR 40 of thes particudar

nods 20 As such, the hash inoex dats page shuchis and data pags
Merarchy aliows static hash buckads 1o be stored iy snapshols, thus more fully
ulilizing the capsuity of hugs NVRAM a0 aray 40,

{O0218]  Furthsmmore, e cachs line-fnendly dals page lsyaut of the hash

fablie index table co poroass the parformancs of the DEMS system 0
fimsding @ parlicudar date record {89, & uplsl The nodes 30-aware partition
halps jocate the data reconts In each hash bucket in the node 20 that uses
ey e mosl, hos raducing the number of remads NVRAM 40 acoessss
necessary o retisvs spaciiic data. The sonourrsncy contro! profoad
punitizes readhselieriia oot and makes abmost &l operstions ook-fras axoep
the st pra-commil, whuch is nharanily blocking.

[002T7] FIG. 100 is a fowchant of o method 1003 for using o soviglsable

;

Hash ndex for axecaling & Hansacion it & mullicon computing systesm 10
aocording 1o vadious exampls implemeniations of the presen disclosurs,
Mathod 1002 can begin at Do TS iy whieh the DEMS can gensats 8 iag

and thay hosh value besad onan mpul kay of an sssocsisd ransaction.
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Gersrating he tag and fhe hagh valus can ingdluds seculing 3 By ganerating
rovuting andéor sxecuting g hash value generaling routing,

[DG248] A b 1088, DRMS 100 can search dals poages In g storage Ry
dals page assockated with the hash valus, It oo sxsmpls implameantation,
searching the dala pages in the storags can include avarsing the
margrehical structurs (8.g. & iree-lyps structure) of dats pages sssociatad with
VETIDUS rannges of hash valuss. Onoe & data pags sssoviatiad witly the hash

.

valie s found, the DBMS 100 can compars the tag with 8 {ag bitmap 1038 o

the data page, 8t box HIBG

[00218] o various implemendadions, the g e 105 can include
probability scores that the ey onwhich the fag s Dased might Be found oy the
dats page. Acoordingly, ot defermingtion of 1088, the DBMS 100 can
compars the itmap probakility W detemrning whathsr the key probably axista
iy the dalz page. i the probabity indicsted in the tag Mimep 1028 Indicslss

emires et the key does not axist

Zare probsbility, than the DBMS 100 can daty

in e data pags sssociaied with e hash valus, 3 Do 1870

[B8228] Based on zero proabability n the tag bnap, implemerttations of the
pragant disslosurs gan positively determing that the key dogs not st iy the
storsgs. Mowsaver, if the bilmap probebility & grester tha sare that hs key

sxisly in the dale page, then the DEME 100 can seargh

e daty page

e ash value by the input key o find the trget tupls,

3

Mowewsr, Decsuse he tag bimap 1025 can retum false pogitives, but n

falsa negatives, the DEME 100 an detarming whether the kay assodiatsd
with the fag anddor the hash value i found in dale page, o delemination
D022 ihe key associated with the g anddior hash value s oot Bund
he data poge at dedenmination 1080, then the DEMSE 100 can delerming that

the ey does not sxist in the slorage, ot bo 1070 Howewer, i the DBMS 100
the DEMSY 100 can accass thy inple assooiated with the inpud key in the data
page. al box 1085,
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0022 Wihils the abowe desoniplion of mathodd 1003 as desoribed iy
raferanos o genanic dats pagss, the mathad can be implementsd i1 slormgess
e

I VRAK 20 and NYRAM 40 using corresponding volal

B

S8 pages 3% and

the snapshet data pages 5,

[OU2231  Append and Scan Only Heap Data Btructure

[O0224]  Some condamporary database managament systems include hesp
Jdate structuees {e.g., Miorosolt™ SO Servar), Howsver, suoh systams
ndary index. As
Re nomputing

LEURHY SIS0 3UMmS guneral SCCosses, such o road vin senw

@ rasult their scalebiliby is mded wy mull-core snvironments 1l

systen 10

aud-list

{00228 Inihe lock-frae programming, tham are Severs
dals structures that can soals better, however, stich structurss do aot porovide
sevializabdity or capabiity o handle NVRAM d0.vesident data pages (o g,
Sn&p&ﬁ@% dadst pages 481 In aﬂ:&dﬁﬁrmx\. moat of ¥ nol all, condemparasy
daishass managsmant sysiem are not sptimiced for sposhv-based GG of
provids for inder node 30 data asoesses.

HO238]  implemeniaiions of the prosent disclostrs can nolude 8 heap data
strusiure that can mainiain & hreaddo! feg., node loosll singly inked st o
yolatie dala pages 35 Ry sach twread (2.0, sach oors 35). Seginning with g
start or head dats ga i1 the inked sl sach dats page u hs linkesd hwd can
incude @ poinder fo ihe location of the nexd daly page in the Hoked st Sugh
mplamentations can be useiul whean logaing large smounts of sequentigl

&a@a stcdy 8% foging slectronic ey s seuure Bcoass door anries,

soming islaphone calls, highway FIG. DA flusirates srxample of the heap

i&

gl Bals P10 of volatils
pages 35 The %}&ap‘ clate structure 1100 canyinclude one inked st V10 &y
sach core S8 The beginrang of the sach linkad Bl 1101 s designatsd by s
atard pobier THIES nserted indo @ volatile dela page 38 in the lish The stant

waee used In VRAM M s

poirger 1108 can be moved fo
poctions of the inkad gt TIGT gre moeed 1o NVRAM 40 duning snapshats
0022371  Each oo 25 oo sppend new key-valug pairs (8.9, dals reoonds
o fuples) fo the end of the Inked st 110 of pages 35 withou! syathranizing
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e sntire Tnked Bl in the ooamphs sheaen, new data records can be addsd o
ihe last data page VI03. Accondingly, the heap dats structures of the prasest
SCDSIre S guartmes the serialization order of the retonds v aach finked
fsb HIOY. Bach core 38 can ansurs that one volstile dola page 35 doss a
sontain racoards o ol epuchs. Whsn one spoch YHD sads ang
ancdher beging Mg, the spoch switches), each cors 35 can add 8 nesl dals
pags 35 sven i the currend Jdats page 35 s amply o almos! smpty. Adding 8

nthucds moving 30 end ponter 1104 froun the

last dats page 1108 can

previous last pags THO2 o the oew last page 1103, Due o the inharent seeial

order of the hesp dats structure 1100, 1 in well suited for sreating log sntnes

and g i

& oorresponding o tansactions parformed on wolatils dats pages

35 ovganizad aocording vanous data structures described hemsin,

[00328]  Snapshot versions of the heap dats strusture can by construnisd
foraily in o ool NVRAM 40 on & cortesponding nods 34, FIG. 1IB llusbates
an example of he ot log entries from each g e pisced sequentially o
Boked Bste VIGY sogpahot dats pages 48 Afler aach snapshot i akan, naw
oot pointers 1125 can be added o g ristadats fle 1130 that point 1o & head
snapshol dete pages 45 of a corresponding lvtkad st 1107 H the mstadata

TG gols Blled, additiona! overfiow meladats Sles 1121 can be addsd by

inatalling 8 peinter 1o the metodaty e 1120 or ¢ pragading wvarliow msiadata

Hie 1121 pointing to the new sverfiow metadats Ble 1131 Accordingly, the hist

of rool pags podders MG caninclude g tof painters thatl includes the

originel meladats He 1120 and addifons! ovedfiow metsdala Bes 1IZ0L

[00228]  Referring beok o FIG, 114, wher the DBMS 100 drops volatile
dals pages 35 after g anapshol i3 ken, L oan wilize the fact that aach
volatile dnked Bst V10T s sovted i the serigtization osder sd each volatls
clats page 35 containg ondy one spooh THHL The DEMES 100 oo read sach

wilaiie et

haad dals page 1S s cadier han or sams a3 the spoch of he spach ot the
fot of 1107 in NVRAM 40, the
start pointer 1105 can be movad © the next volalile dats page 35, The

memery space of the pravicus head volatile data pege 35 can than be

rectaimed. To reclaim meamory spase i ths NVRAM 8, the pomter 1125 of
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e head snapshol data pags 4h of the lnksd st 1107 can be delatad, For

sxample, the delated ponters 1130 o FIGL 1B alipws for delotad pagss 1140
of Hrdood Hats THOTE and TIG7-1T 10 be recinimst

{H0230]  Snagpshols of B heap data shucioms THX oan be rsad without any
synohronization. Howeaver, the stusturs sl grovides contuwrenoy conteg! for

vidabls dats papes 35

[00231]  FIS. 110 depicts 2 scanning ransaction 1111 for reading the data
i he snapshol slorags hat uses 3 hoop dals shucture, aooording 1o vanolg
arnbodirneats of the presert disclosurs. I e axunpie showrn, 0 soanng
fransaction 1111 in sevalizable isolation ovel can take & ladle lock sl the
bagiming of the read soan, To anable concurrany tonimd, the rsosaction

GRn vt wantil sl othwer threads have solinowisdged the tabls ok o siteran
e state. The labde ook thus provents other ransastiong would append soms
recovds o the hesp shuchre. Befom mﬁmg & record, ® fransachon can cheg
the table look ot the beginning of pes-commit phase. I a fahis ook sxisty on
Hhs fargst heap data structurs, e ransaction can abart, For iransactions that
are slready b an gpphephase afler commil, the scanning ransaction 1118
LR walt unti! thoss ransactons ars compleded, A transacton can report Hs
INGOIess 3% & threaddocal vanalie with appropriate fences. The scanning

fiore 11 can then read all records in the volalile dats pages 35,

redagses e fahie hodk, and records the sddress of e last volatile data page
385 sevd THD for the nast recond {eg . the address af which the TID for naxt
reccaced will be placed), which oan bewavified 2 pracomast phase. & soanning

fransaction in can slss be performed i1 ihe snapshol dats pages 48,

{O0E3R]  Soms inplamsriations can ncluds & fruncation speraticn. &

fruncation operalion can represent 8 delele operation ¥y the heap dala

structure of the present distiosure. The runcalion oparalion san remove
volatiie data peges 35 fom a head volatile dotg poge 30 up fo the epach THIG

of & truncation pont. For snapshot dals pages 45, delation can inoluds

drapping the root pointers 1125 o Baked Bals with snapshol varsions savlies
hary the fryncation podrt, Whse @ snapshat spans & funcation poit (8.9

R

“dedate records appended by spoch-8%, and there is @ snapshat that covers
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roord I Spnch-3 {0 spoched the stapshot oot poindsr can be Rept bt
those recards can be skipped whan snapshat dals pages 48 ars read.

[0G233]  The hoap Jdata strecture requires aaly thread-oos! gocesses with
e synoivonization. As such, the heap dats struchers can sveild almost sl

ramoia-nods aonesses, aiher i VREAM 30 or NVRAM 4G

[BO3R4] FIG 110 s & fioweohar! of 2 owsdhnd 1150 for adding deta reconds
corresponchang o bansactions sxeouiad by @ core 35 1o & heap data strunlure

foove computing

sysiam 10 the DEMS 100 can exscute & thansaction. The ransaction can
¥

nclude goy type of operation and can resull in dals baing generated, In
sxgms implementations, He ransaction gan inolude the aperations thet

includs the detection of an svent, such as & seouriiy door aooess, & file

ancess, oF other monitorsd sevent,

(002351 A box 183 the core 35 canvwnie 2 data recond o the last dats page
i Hnked b of daln nages ansnoiate with the cors 25 Bafors wiithg o the
fast data page, the DEME can check i oo § any other clres 35 or other

ransactions have pisced & tabls look, IF the tabde ook & i place, than the

oy can be abortad and reatiomipted, T no talde look v wy aifent, then
e DEME o procesd waith wiiling the dals reconds.

{0038 Tofing the lnked Heb of dals pages assosinted with the core 35, the

DBAS 100 coan reforancs & matadsts flet
fage and end page of the inked st associsted with the comn 35, Based oy
e gﬁ{:«éﬁiﬁsf 10 he o pags of the associaled inksd Bl he core 2H can find

¢ focstinn of the and page aod iaad he dada eoord sndior an associated

Hat includes poirgars o the head

THD speodic o he ransaction,

ROEST]  Abdetermingtion 1185, the DBME 100 can chash o soe Hihe
apoch has swilchad (8., & Bow period has slapssd or & prodaetermunsd
e of Fansasing have hesn saculad). F e Spoch has swilchsd, then
the DEME oo add @ now B8 ools page o the iinked 8 assodinted with the

core S5 In some examples, the DB 100 oo sdd & last data pags to sl

Bnked st ivthe slorage. Allsragtivaly, the DBEME 10 may ouly add a naw lagd
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pags fo lnkad Bsis i the slorags that have been adtied & nsw data recond in
the bast spoch.
[00238]  Atdetesmination TI8E, I the DEME 10 detormines that the spach

has ool swilohed, hen 8 N Iransaction 030 e exscuted and he rasuling

data record oan be sdded o the Qurent last page i boses 1151 v 1188

Bnked Bely of dada poages. The sel of Hnked Hsls can be patof slorage o g
date ralating 1o 8 specific funclion or pperation, Each linked fisd in the setoan
be sesociated with & core 38 I 8 compuiing systam 10 and stored i VRAM

S0 or SVRAM 80 on the sams node 20 as the core 25

{02401 Abbox TIBY, the DBME 100 can oblain acknowledpement of ths

table fock from oach core 35 assaciatad with the set of ey Bsts.

siate, In soms mplameniations, the DEME 100 cany walt for 8 corss
associated with e sel o 500 or scknowiedgs the fable Weavoid the

possibilily that & data record will be added to oo or mors of the st dala

pages while the DBMS 100 s reading the other linkad Ssis or dots pages.

00341]  Once ol Core aalivity I the set hes gloposd or paussy, the DBMS
T cony e through each Unked Bst i the set, at be

the sach of the nked list of dale pages can by resd Trow sslan page to an
SN PAgS, 88 designatsd by currssponting start poinders and snd pointers

insarfad inlo the linkad #

e based on an order included in 8 maladats N that lists the phyysical

fovation of the root page for of the Wnked Bsle, In some axamples, the ondey

hat the inked st ave soarned can b hatad on the gocket poston (8.4,

sockel numbert of the corresponding assaciated cones 28 i the computer
systam 10, When one complete fnked st s scanned, ther DBME 100 can

the hest dals page in the ast inked fist

bagin soarming he nexnt inkey st unill

& soamed
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(002431 Atbox TV, the DBMS 100 can redeass the table ook, Once the
fahle ook s released, ransactons can fesume and doves 25 can add dats
records o e B pege ot ihe comrpsponding linkad fisis,

{00343 Accoording fo the forsgoing, sxamples disviosed heraint snabls
neheatk opataians o mplomant OF RrOgnE 8 Neheirk using Mmultiple conteolisr

mothules that may have disparate polivies and objectives reganding the

configuralion of the poiogy of e nebvork. Confits bebvean the polie
and phipctives, 83 represantad by the differances in the resowree allocatio
proposals, can be rescived gaing various stection based dedision
mechaniams, thus allbwing e nebeark operatorn i malize e benelils of the

polivies arwd objsothves of muitipde dspendent conteolar modiuissg,

§{{§{}E«¢s§§ These and olbysr variations, mochlcstions, aﬁﬁimn&. sag
----- mprovarnenis may B within the scope of the appended olain

28} As used in
the desoription hersin and throughout the claims that follow, "a” “an”, and
“the includes ghind reforences unless the sonted clemly dictates othenviss,
Also, 85 used in the descrption hemin and tvoughout the claims that follow,

e meaning of T chadag TEY and ten” unless the contend Clearty diclates
othanwisg,
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Claims

Hhatiscaimed iy

T A SyRian Compnsing:

3 pluraiily of procsssony

& volghile random sccess marnary ooupled 0 ol least ong of the
plurality of processars;

& ponniatils random aeoess mernory couplad X ong of e of the
plurslity of processorg, wherein the nanevnialile random Sooess mahory
COMmPRney Nshructions, that whan sysvutsd Dy onS OF MO DINOSSsoR in

the plurality of grocessors, causs e processors 1o

ANONEE 3 key-value siave compising:
& plurshty of kays; and

& prlarsity of oust

i
the pluraiity of keys, cach dugl pointer iy the plurality of dust pobars

comvpising 3 volatle polnlsr associaind with o weistils dalo e in g

plursity of volatile dla pages i the volatile randum aoosss memory of
& nonvolalils poirder associated with 8 nonolatile dats page g
plarality of nonvolatile dats pages ¥y the non-volatils random aocess
oy and
axeoule & transaction somprising s input key hased o B ke
value slove,

SOThe myxdem of tlaim 1 wheesin tha wialile Jdais pages any the ngevvolatie

data pages e Heed size datls pagss.

3. The syatem of claim 1, whersin the inst by conse e

PEOCRSSOrS o
follow 2 volstile pointer of 8 dusl pointsr corresponding o the inpudd

kay {0 sooess 8 volalile dals pags and

i the volatlie poinder i sl then ollow 8 nonvlalile pointar ofthe

dus pointer 1o Copy & corresponding not-vaial

wdata page o a
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COFSSRONAING volatile dala page associalad with an addmss n he volatie

FaNdONT BOCRSS MR,

4. The system of giaim §, wherel the hesbuchions further cauge the
processors o
generale g read-sel comprising & firsd valug assonislad with the
nput key in the corresponding volatile dats pags;

gunsraie o pointerest comprising the address of the oomrespantding
volatile dald page 1 e volstle random SCCSEs mamany

gonerale & ssoond value;

comparg e Sl value in he read-aat with 3 third value stored stihe
suidress before the second valug i witlen o he address; and

baved on the comparisan aborling the ansaction of we

fife dats pags.

second value 1o corvesponding vols

& The syslem of
FANGT AUCSSE MmOy, &n ihe non-volatibe random aooess memory e

gistribuiad among & pluraiity of indarcemneciad nods boards,

8. The gystem of claim & wherein the ansaclion & assoniated with a nods
bosrd i the plurality of iterconnected nods boards, snd the wstructions
furiher causs the procsssors i

genersle & wiltesat compnsing changes 1 ong or mors valatile dalg
pagss i the pluraity of volaltie dats pages corrssponding fo &
transacton,

save e write-sat and other wite-sels assouisted with the node
bosared oy the pharaiity of i

\

ntsroonneciad sovls bosrds ooa fimabased g Sy
s

cambing the ime.bagsed log file wdih other Wmebased log fes

gssncigted with other nods boards By ihe pﬁu;*aﬁi&y of infervonnested nods

DAY,
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¥, The syslem of olaim 8, whersin e updated snapshol comprises mullipls
parktons sioved in the noneolatile random sccess memaony of mulipls
nods boands.

2. A non-bransdory tomputer readable slorags medivny compeising
nstruchions, thet when sxeculsd Uy (N9 OF MOre DroCessos N @ plumality of

processors distnbuted among s plurality of inlersonnested nodes, Sause

the processors &y

instantiste & ke valus slore conprising
& pluraity of keys ang
& plurality of dugl pointers associgted with correapondding keys in
the plurality of keys, sach dug! poirder oy the phurality of dusl poinders
250 comprising:

& volatile poinler assodialed with @ volatils dals page ing

phirality of volatite dats pages storad iy 2 volatile andom sooess
MRnRNY ang

8 non-volatiie pointer agso

fad with 8§ non-volatls dats
s it 8 pluralily of norevciatile dals pages stored By 3 non
volatiie random aconss memary: and

grecute z.sx‘mii:i;:sia fransachions an dads storad o the pluraliy of

o‘\

viladie Jdats pages 35 based ot cormespondiing npad Koy and the ey
watue store;
gonarate log antries coresponding i the multiple ranssctions;
gereraie @ mudieansion snapshot of the dats slored i the plurality
e date pages 30 in the pluraiity of non-volatile dats pages bdased on

the log antdes.

. THS norsdrangitey strnputer readslds storsgs medium of claim 8, whessin

on

B genatale e multi-version snapshiot the nstruchions hether sausg Hs

rOCessOrs o gensrate parlitions of the by enines Dassd on Hme paiods.

1, Tha noadeansilory computer rsadabla storage madium of Qg B, wherain
the mudti-version shapshod somprises mudlide soapshols of the dale storsd
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it the plurality of vodalin dals pagss comesponding o the partitions and
pointers that define comnaclions amonyg the mutliple snapshot

11, The norehrangitory computer ragadable slovage madiam of olsim 8 wherain
the multi-version snapehol iz distribuled soross the plurality of nadss
12 A mathod comprsing:

imﬁﬁiy of fog Hes ctynpasing d

gen@'w“t; ap

mn(.

LEGanz &‘&‘} i) zai‘sse% angd *‘&(ﬁmj 08 voia

ie randony SC0SSS MBNKYyY
distributed acmes 3 plurality of interconneciad nodey;

MRpEng N og antriss D backets corresponding o the tabley;
parti
ausocited with the volaile dats pages

finning the log entries in e buckets Dased on nges of kays

soping the partifiored g srtes B corssponding batch buflers;

soning e partitioned log entass o ihe batch buflers according o

ey ranges o genenste coresponding Tes of sorted oy antias

genwrate new notvvoiatie date pages sccording 1o the Hes of sorted
o anines; and

LS

randon access memory distibuied soross the plurality of nodes with the

o wxisting nonvaistile dals pages stored i 3 nonvelalle

W naneigie data pages

13 Ths method of cisim 12 whsray he ranges of Reys arn associsted with
apan oF mors of the plursily of nderconnediad nudes defermined i
fraquiency accass volatie date pages or nonwolstile data pages assotiaiad
withy the ranges of keys

14, Tha method of dlgn 12 whersin updsting the exisiing neo-voistls data

paEges compises updating poirders in the exisiing nonvolatie dals pages

with adilrosses of the rew nortviatils dats pages.

R
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