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NVM into Storage Layer

« NVM2Z primary storageZ 0| &%}= 8
+ Byte addressabilityE Z|Ciot &8¢ 4= ULt
- Relations2} indexesE main memory0f| X{&5t0f DRAMC| lower latencyE O &% main memory
database system=Ct £ = 7F CtA =2 4= QIO
(NVMO| =2 latencyE &7|7| 2I5H DRAM2 NVM 2THO cacheZ O| 235t & AlL)

« NVM2| EF0| SSDELt JLi¥e = ooz 2 [|O|5 A0 Ciet CiH[7t O] 50T}



Introduction

Approach in this Work

- NVME additional caching layerZ AtE&
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Figure 1: System designs under varying data sizes.
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Figure 1: System designs under varying data sizes.
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3 Tier Buffer Manager - Techniques

« DRAMO| NVM YN AE cache-line granularity 2 7 A5t 24 O 2 NVMO| byte-addressability
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Background
NVM Storage : NVM Direct (Arulraj et al.)
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NVM Storage : Basic NVM Buffer Manager

« DRAMS NVM 22| cacheZ AIE5t= BiH

* Volatile / persistent AFO| & 22[5}7| 2|3l buffer manager& Xh &4

« B E pageE NVMO| X%, DRAML buffer poolZ AME
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Recovery
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Goals

« 212 H|O|E{ 0| A= main-memory database2t & s2 7K X[2F GIOo|E 7} & of| h2t NVM, SSD
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 Pointer swizzling scheme
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Cache-Line-Grained Pages

« NVMZ| low latency= flash0i| H|3l cache lineE T&5H7|0 FE|SHCL
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« Cold pageOll Al hot dataE &0l bandwidthE EZEst1 452 22| HAY

- NVM2ZE2H HO|X| & #2H2 2 7tX 2t DRAMO|| H{X|stC,
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' ([nvm® [pld:3 [r:0][d:0 ]:I:I]:Iil
Tokyo _i_, Tokyo
San Jose L — —page-grained - QZ —— N - - - = —
Redwood Gy |4+ [Muncs i N,
Mountain View — 1
T 251 more cache lines " T 251 more cache lines [[I]:I]] |] [|
San Francisco — | San Francisco
1

(¢) Our NVM-Opt Three-Tier BM
Figure 3: Cache-Line-Grained Pages — The bit masks indicate
which cache lines are resident and which are dirty.
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Cache-Line-Grained Pages (ctnd.)

|
NVM ,; DRAM M K| H 0| X| 7} resident/dirty3HX]
NVM2 29| 1
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Figure 3: Cache-Line-Grained Pages — The bit masks indicate
which cache lines are resident and which are dirty.
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Mini Pages

fujo

« 7|29 page layout2 E R 0|42 Z DRAMS AR SHC}

- dH|k[= HE2E|E E0F= ECF 22 2A I O] X| ‘mini page’

Z
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Figure 4: Mini Pages — The slots array indicates which cache

lines are loaded (max 16). If promoted, full points to the full page.
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Mini Pages — Mini to full page

Mini page?t O 282 =HL memoryE 7HX| 2 JUX| E2™ O|= full pageZ HEHEILCE

Buffer manager®|| ! full pageS Hi"& 1 mini page?| full member0i| O] Lf|O|X| & X & StCt,

3 %, mini pagel| #1 X statusZt AHZ2 B =l full pagell S AHEICH

O[22 2, buffer manager 2t2| page mapping table2 full pageE pointst?| £|sl GOl EEILCt,

Z1 O|= 2 mini page= partially promote2td Z2|F A &1, mini page22| 2= 27F2 full page2 T ZIC}

Garbage collection2 2% OX| 2 transactionO| O| & unfixShe =7+ T QA SLH|(“safely”) O & O ZICH,

(page mapping tableO| full pageE& 7t2|7| A E| 2 mini paged| 50|42 new reference?t O| R O{X|X| Q= [f)



NVM Buffer Management

Pointer Swizzling

« EXO]
O 1 =

e QOverhead

- Page?2|
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Page mapping table

In buffer manager

U2 = page idE physical pointers2 LAt 2 2 M| overheadE E0|= HA
£0|= A0| O|MEL} T O|F

2 Z Q1A Y30 DRAM-resident pages?| page identifier0| &=L}

Page identifier «root> Page
6 par O off: 0
- pld: 6 cnt: 1 # of swizzled child
ptr @ |pId: 5|... |pld: 8

< swizzled lE-a'F:::n'-»-q_.__h_:\5 <normal leaf=
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Figure 5: Pointer Swizzling — A B-tree with a root (pId: 6) and
three child pages: A swizzled page (pId: 7), a normal DRAM page
(pId: 5) and a page currently not in DRAM (pId: 8). Swapped out leaf

Ll
=
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Pointer Swizzling (ctnd.)

= rootzE
par O off: 0
pld: 6 cnt: 1
ptr@ |pld:5]|... |pld: 8

< swizzled leaf:&-._.,__&

< normal leaf=

— _—>| par & | off: 12 par O | off: 0
pld: 7 | cnt: 0 pld: 5 | cnt: 0
DEAM
NVM T T T T awapped out leafs>
.- | pld: 5 pld: 6 pld: 7 pld: 8

Figure 5: Pointer Swizzling — A B-tree with a root (pld: 6) and
three child pages: A swizzled page (pld: 7), a normal DRAM page

(pld: 5) and a page currently not in DRAM (pId: 8).
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Swizzling information= 7 & 0| O| E | O OF5tCt,

Mini page”t partially promoteZ| 1 unfixl| 7| ®7X|=
full page2| wrapperZ 7| S5tCH}F unfixE U

Parent pointer2 full pageZ redirect®tL}.

(Ol | part off pointer= full pageZ SAL=ICH)
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Three-tier Buffer Management

Goals

* Flash(SSD)E 3%} 0|02 F7}5tE|, low overheadS 7}HXICE
« O|Z E3ll in-memory/NVM-only systemO H|3l & maximum workloadE 7}%IC}.

. 2 HOIEAMS X2lZ 4 U1, BOF FHNY & YEE SSDS X AHLE
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Design Outline

« 3% T Z0|A, NVMIf DRAM= SSD storage layerOf CHS MEHM O 2 74l 0f| AESE0] I 22| E BHC)
« Pagec= 2% DRAMOIA] HM|AZ|D (read or write) Write Ahead Log(WAL)= durabilityS sl 7| & =ICt.

« RecoveryE I8l textbook-style WALZ ARIES-based restart 1S HZILCT,
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Replacement Strategies

- Lol Rxef He|, F 742 buffer poolsE 22|l OFSHLY.

» Three necessary replacement decisions : DRAM eviction, NVM eviction and NVM admission

Cache-line-grained Entire page
page (NVM-backed) [ (not NVM-backed) J
I i
O.
@ @ . DRAM
eviction

NVM
@ admission @

NVM

eviction @

Figure 6: Page Life Cycle — There are five possible page transi-
tions and the three critical decisions (DRAM eviction, NVM admis-
sion, and NVM eviction).
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Replacement Strategies (ctnd.)

(1)
Cache-line-grained Entire page
page (NVM-backed) (not NVM-backed) e DE MEA BHIHEE page= SSDO| A
i /
Q.. A ZFSHC
@ ©) "~ DRAM N
eviction « TransactionO| I|O|X[ & RF3}H O|&=
)
[ NVM page ]&(5 / DRAML 2 AH, 2| =E (completely)
‘ NVM '@ load &I C}.
admission
NVM ®
eviction ® - Page?} completely loadk|= O| &
v
[ SSD page « Not NVM-backed : SSDEEH ZEE 0

Figure 6: Page Life Cycle — There are five possible page transi-
tions and the three critical decisions (DRAM eviction, NVM admis-

sion, and NVM eviction). .
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Replacement Strategies (ctnd.)

(2)
Cache-line-grained Entire page
[ [page (N‘!.-’N.[—bacl{ed}] [ (not NVM-backed) J ] « NVM-backed

I /]

« Cache-line-grained pageS gt

@ ©) T orAm

eviction (NVM backed Mo J}s)

NVM

@ admission @

eviction @

Figure 6: Page Life Cycle — There are five possible page transi-
tions and the three critical decisions (DRAM eviction, NVM admis-
sion, and NVM eviction).
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Replacement Strategies (ctnd.)

(3)
Cache-line-grained Entire page
[page (N‘!.-’N.[—bacl{ed}] [ (not NVM-backed) J « DRAM evictionO| O{Lt= Abzt
h /
@ O - DRAM eviction2| 5 H
@ DRAM
eviction « Clock/second chance algorithm

NVM
@ admission @

eviction @

Figure 6: Page Life Cycle — There are five possible page transi-
tions and the three critical decisions (DRAM eviction, NVM admis-
sion, and NVM eviction).



Three-tier Buffer Management

Replacement Strategies (ctnd.)

Cache-line-grained Entire page
page (NVM-backed) [ (not NVM-backed) J
I, /
O
@ @ . DRAM
eviction
[ NVM page ]%
NVM
ot admission @
NVM &)
eviction @

Figure 6: Page Life Cycle — There are five possible page transi-
tions and the three critical decisions (DRAM eviction, NVM admis-
sion, and NVM eviction).

DRAM eviction= &l page?l MEIL|1D
OF2] NVMO|| ME | X[ %A= M,

NVM admissionO| =S =IC}.
« NVM admission®| 5 &

« 27H2| queueE AIEdH 2-layer system
Of hot dataE %|& o=l gIHo =2 HEH

50 O|F replacement & CHH]

« Admission set AIE
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Replacement Strategies (ctnd.)

Cache-line-grained
page (NVM-backed)

L

Entire page
not NVM-backed)

/]

]

i
@
[ NVM page ]€ @
NVM
eviction @

DRAM

eviction

NVM

admission

Figure 6: Page Life Cycle — There are five possible page transi-
tions and the three critical decisions (DRAM eviction, NVM admis-

sion, and NVM eviction).
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« Admission set
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« Page”} admission queueOf QUCHH?

« Page”} admission queueOf QACHH?
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Replacement Strategies (ctnd.)

Cache-line-grained
page (NVM-backed)

L

Entire page
not NVM-backed)

/]

]

eviction @

DRAM

eviction

NVM

admission

Figure 6: Page Life Cycle — There are five possible page transi-
tions and the three critical decisions (DRAM eviction, NVM admis-

sion, and NVM eviction).

(4) (5)

« Admission set

« Admission set2| 8

« Page”} admission queueOf QUCHH?
« Page”} admission queueOf QACHH?

e Limited size of admission set
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Replacement Strategies (ctnd.)

(6)
Cache-line-grained Entire page
[ [page (N‘!.-’N.[—bacl{ed}] [(nut N""JM—backEd)J ] « NVM eviction
I, /
® P + ie. A B[O|X|7} admitEI Y S I 7| =
@ DRAM
eviction O] NVMO| A swap out® page M7
@
{ NVM page ] E :S « Clock algorithm
NVM
O\ admission @
NVM \ 5
eviction @ \
v
55D page

Figure 6: Page Life Cycle — There are five possible page transi-
tions and the three critical decisions (DRAM eviction, NVM admis-
sion, and NVM eviction).
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Combined Page Table

-

rr

« NVMO fit=l workloadQ| A2 3X} 0|0 (SSD)= At E|X| ¥ overheadE THEX|E =L

o

« O|E& 3ILtC| hash table 20 page identifier->DRAMI} page identifier->NVM location2| mapping= &7 %
&Sh= Combined page table2 &0l T+ BHCL.

[=p

I pld: 8 pld: 5

Figure 7: Single-Table Mapping — Using one hash table for
DRAM and NVM-resident pages eliminates most overhead for man-
aging the SSD layer. The hash table entries are identified by their
location in memory (DRAM or NVM).
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System Restart

Page mapping table2 ‘&0 A2|E|Zct S F7| 20| DRAMO| MZ EICf,
« Restart 0| %, table2 rebuilt=|0{OF L},

- CHE 1) SSDO|| MEE page=2| HTO| NVM HEEL} QefE[A2E2 2 O|F FHH 57| 2|5 A transactionOf|
C = A|ZH0| e ZZlIC},

« 2) A|AHEIO| RHA|ZHE|H, DRAM cache {28 OFL|2F NVM cache S A| B2 E = pre-crash throughputOf] =&
ot=0 O 23 A|Zto| AT}

- O|0j| CiF CHA - Reconstructing the PMT requires scanning over all NVM pages, reading their page

identifiers and adding them to the DRAM-resident page table

« 100GB2| NVMO|| CH$t page identifiersE A= A2 1X2= Z2|X| $X|E ECt WE restartS 2 & SICL
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Evaluation

Architecture Comparison

YCSB-RO Throughput [MTx /5]

=2 GB

2 A

DRAM capacity

NVM capacity
=10GB

—8— Main Memory
—&— 3 Tier EM
—&— Basic NVM BM
—— NV M Direct
—4— 55D BEM

8 10 12 14
Data size [GB]

Figure 8: YCSB-RO - Performance for varying data sizes on read-
only YCSB workload. The capacity of DRAM, NVM, and SSD is set
to 2 GB, 10 GB, and 50 GB, respectively.

DEAM capacity i NVM capacity

— 80 —2GB ! =10GB
E —B— Main Memory
=3 —a— 3 Tier BM
5 607 —o— Basic NVM BM
'§° 7 —w— NVM Direct
H
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£ 201
H
|
0 A — — —p— — o
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() (320 (57 (82 (107) (132) (157)

Warehouses (Data size [GB])

Figure 9: TPC-C - Performance in TPC-C for an increasing num-

ber of warehouses. The capacity of DRAM, NVM, and SSD is set to
2GB, 10GB, and 50 GB, respectively.
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Architecture Comparison (ctnd.)

NVM capacity
=10GB

— Main Memory
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performance dropO| Zt& =ICt,
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Ct.

Unavoidable performance drop
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Evaluation

Performance Drill Down

YCSB-RO Throughput
relative to traditional BM

Figure 10: Performance Drill Down - Effect of proposed opti-
mizations relative to a traditional buffer manager on NVM (YCSB-
RO with 10 GB of data, read only, 2 GB DRAM, and 10 GB NVM).

Small Scan Full Scan
(range = 100) | (range = |table|)
Basic NVM BM (100%) | 50 000 scans/s 0.34 scans/s
+ Cache-Line-Grained 104.2 % 913%
+ Mini Pages 03.1% 90.8 %
+ Pointer Swizzling 03.8% 90.9%

Overhead analysis on YCSB-SCAN
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Throughput [MOp/s]

Evaluation

Hybrid Structures

37 —#— 3 Tier BM 'w hashing
"'\ —&— 3 Tier BM

9 1 —a— FPTree
1 & ? &

T s y iy e B A
0 -— : : : : >
100% 80% 60% 40% 20%

DERAM Buffer Space

Figure 11: Hybrid DRAM-NVM Systems - Uniformly dis-
tributed lookup keys in tree with 100 M 8 byte keys values pairs.

FPTree : leaf node= NVMUO|, inner node= DRAMO|
MNESHY WHE EFMIL =2 duaibilityg 7ts 7St

B+tree

» Leaf node design®| A0 3-tier= LA agnostic.
[[t2tA hashing structureZ leaf point lookup=
Hetst At 212 DRAM cache sizeO| =
=76t competitive®t 1S E QUL

« Buffer Managed Approach?| &H
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Impact of NVM Characteristics

I ? A

= —

R —a— 3 Tier BM &

= —— NVM Direct =

= —&— Basic NVM BM =

) £

=

7 g

: :
E o —a— 3 Tier BM

i) M E M —— NVM Direct

E & 5-6-66-6-0-0—0-90 ‘Q ; a | | —IE—E'-asi:: FﬂVh—iBMI

0 : : : — - - ' ! >
200 600 1,000 1.400 1,800 1% 20% 40% 60% 80% 100%
NVM latency [ns] DRAM ratio

Figure 12: NVM Latency - The impact of varying NVM latencies Figure 13: DRAM Buffer Size - YCSB-RO prerfnrmancelfnr vary-
on the YCSB-RO performance (YCSB with 10 GB of data, read only, g amounts of DRAM and a fixed NVM capacity (YCSB with 10 GB
2 GB DRAM, and 10 GB NVM). of data, read only and 10 GB NVM).
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