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Persistent Memdry (PM) |
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= Persistent memory is expected to replace both DRAM & NAND

NAND STT-MRAM PCM DRAM
Non-volatility 0 o) o) X
Read (ns) 2.5 X10* 5-30 20-70 10
Write (ns) 2 X10° 10-100 | 150 - 220 10
Byte-addressable X (o) O o
Density 185.8 Gbit/cm? | 0.36 Gbit/cm? | 13.5 Gbit/cm? | 9.1 Gbit/cm?

NECSST

High performance

K. Suzuki and S. Swanson. “A Survey of Trends in Non-Volatile Memory Technolo‘gi'

Persistent Memory
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Indexing Structure for PM Storage Systems
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B+tree Variants for Persistent Memory
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B+tree variants

[ WB*Tree (VLDB™5)}| NvVTree (FAST’ 15) | FPTree (SIGMOD’ 16)

PM

et

s
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B+Tree for PM StorageSystems?
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114 9110 ... |30|38 48 60|70
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Consisteﬁcy Issue of B+tree in PM

| —
LN\ —
——
F AN

= B+tree developed for block-based storage
« Consistency and atomicity guaranteed in block units
« Controlled by software (file system)

= Persistent memory is byte-based storage

« Consistency and atomicity guaranteed in 8-byte units
« Controlled by hardware (CPU cache policy)

= With B+Tree on PM, discrepancy can lead to
consistency problems

NECSST 6
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Consistency Issue of B+tree in PM
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= Traditional case

CPU Caches

- 3 30)31|35

Write reordering

Not persistent data

Non-volatile
__ Block based storage >
Block granularity update me—] 2 [39]39
S~— -
NECSST 7
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Consistehcy Issue of B+tree in PM

——
g / : 3 y =

= PM case

CPU Caches
» 3

Non-volatile ( Persistent Memory h

Write reordering — Crash W
O _J

Persistent data

Byte granularity update

Garbage data persistently stored

NECSST 8
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Primitives for Data Consistency in PM
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= Durability
« CLFLUSH (Flush cache line)

— Can be reordered /

= Ordering

CPU Caches

* MFENCE (Load and Store fence) Nonwvolatle] 5 o ictent
— Order CPU cache line flush Memory
instructions
NECSST 9
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Primitives for Data Consistency in PM
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. D

Serialization of CLFLUSH and MFENCE is
- d known to cause large overhead

instructions '

NECSST 10
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Primitives for Data Consistency in PM

—
. . _ j—

-

= Durability
« CLFLUSH (Flush cache line)

— Can be reordered /

= Ordering

« MFENCE (Load and Store fence) Nonwolatlle| o rsistent

— Order CPU cache line flush Memory
instructions

CPU Caches

= Atomicity
« CLFLUSH (Flush cache line)
— 8-byte failure atomicity

NECSST 11
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Primitives for Data Consistency in PM
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= Atomicity

- larger than 8-byte writes? 5 [30[31]5
— Logging or CoW based atomicity
— Requires duplicate copies Non-volatile
Log area Data area
5 [30]35 |
NECSST 12
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Primitives for Data Consistency in PM
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Logging increases cache line flush overhead

\_/

NECSST
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B+tree Variants for Persistent Memory
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How can we ensure consistency using
failure-atomic writes without logging?

.t

Unsorted keys = Append-only with metadata
Failure-atomic update of metadata

——Slot array[ 5
9 I 2 I 3 I 1 ! Flag Flag Flag

Ent (+-) (+-) (+-)
K1 | ... | Kn Yl k1| k2| k3|, . K1 | ... | Kn

P1 Pn P1 P2 P3 P1 Pn | Prext

et

Unsorted key - Decreases search performance

NECSST
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B+tree Variants for Pers‘iste'nt Memory
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= Logging still necessary

unisT

» Multi-block granularity updates 35

o

>

Overflow

due to node splits and merges New key
— Cannot update atomically

* Logging-based solution

— wB+Tree, FPTree )

Tree reconstruction based solution
— NVTree

NECSST
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— large overhead
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B+tree Variants for Persistent Memory

—_— .

y

VA

Key sorting

23035 ~3303135

Fundamental characteristics of
B+tree cause problems

Rebalancing

3032

Overflow |
35 30[32[38 Split
New key J 35[38

\ 4

NECSST 16
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B+tree Variants for Persistent Memory
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Why use B+ trees in the first place? i’

Perhaps there is a better tree data structure more suited for PM?

NECSST

Next-generation Embedded / Computer System Software Technology

17




’.l } J ’,, -
. | \

-
-

Our Contl:ibutions
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= Show Radix Tree is a suitable data structure for PM

= Propose optimal radix tree variants WORT and WOART

 WORT: Write Optimal Radix Tree
« WOART: Write Optimal redesigned Adaptive Radix Tree (ART)

Optimal: maintain consistency only with single failure-atomic write without
any duplicate copies

NECSST 18
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Radix Tree

= Deterministic structure

A C
C A
Al ¢ z C
ACA ACC ACZ CAC
NECSST 19
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Radix Treé

= Deterministic structure
* No key comparison

A C
C A
Al ¢ z C
ACA ACC ACZ CAC
NECSST 20
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Radix Treé

Deterministic structure

* No key comparison
— Only 8-byte pointer entries
— Implicitly stored keys

C A
Al ¢ 1z C
ACA ACC ACZ CAC
NECSST 21
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Radix Treé

Deterministic structure

* No key comparison
— Only 8-byte pointer entries
— Implicitly stored keys A ¢
— No problem caused by key sorting

N A
A C Z C
ACA ACC ACZ CAC

NECSST 22

Next-generation Embedded / Computer System Software Technology



Radix Treé

= Deterministic structure

* No key comparison
— Only 8-byte pointer entries
— Implicitly stored keys A ¢
— No problem caused by key sorting

N A
* No modification of other keys
— Single 8-byte pointer write per node
— Easy to use failure-atomic write A C Z C
ACA ACC ACZ CAC

NECSST 23
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Radix Tree Insertion Example

g / : 3 y =

= [nsertion
* New nodes are sequentially linked

A
N A
m®
A C Z CT \
ACA ACC ACZ CAC 777
NECSST 24
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Two Issues with Original Radix Tree on PM
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= |nsertion Order

= Path Compression

NECSST 25
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Insertion process of original radix tree

B

g / : 3 y =

= |nsertion

* New nodes are sequentially linked
— Cannot roll back upon crash @

)

Crash
A C Z C \
ACA ACC ACZ CAC 777
NECSST 26
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Two Issues with Original Radix Tree on PM
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—

m , ) y 7
/ e
N

= |Insertion Order = Our Solution

= Path Compression

NECSST 27
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= Change order of writes

« QOperation to replace the very first NULL pointer with the address of
the next level node is set as the last operation

@
‘| |
CAC 777
NECSST 28
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Two Issues with Original Radix Tree on PM
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= |nsertion Order

= Path Compression

NECSST 29
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Problem c;f* Determinist_ic Structure

? \ v

= For sparse key distribution
« \Waste excessive memory space > Optimized through path compression

Low utilization

A= ==

- =%

bbb IR

key key key key ... ... key key key Kkey
' NECSST 30
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Path Comkpression in Radix Tree

—— -

= Path compression
« Search paths that do not need to be distinguished can be removed

Unnecessary search path

ACA ACC ACZ CAC
NECSST 31
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Path Comkpression in Radix Tree

—— -

= Path compression
« Common search path is compressed in header
« Improve memory utilization & indexing performance

Compression header C

|
[ |

i

ACA ACC ACZ
NECSST 32
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o f

Prefix keys are not equal
AZ = AC

1A

A C Z

ACA ACC ACZ

NECSST 33
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Node Split with Path Compression

e
-

X (D New parent allocation

AZA

>
@)

Z

ACA ACC ACZ

NECSST 34
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Node Split with Path Compression

= Path compression split

A

@ Decompression of old common prefix
AZA

A C Z

<

ACA ACC ACZ

NECSST 35
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Consistency Issue of Path Compression
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= Path compression split
e cause updates of multiple nodes
* have to employ expensive logging methods

A
~ C Z
Consistent state \*~\
~
RN AZA
y
7
A C V4
Inconsisten Crash
consistent state ACA ACC ACZ
AlC /‘

NECSST
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Two Issues with Original Radix Tree on PM

—2 -

e

~r

= |nsertion Order

= Path Compression

« Same issue as B+Tree node split
« Consistency issue on PM

NECSST 37
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Two Issues with Original Radix Tree on PM

- s

e

= |nsertion Order

= Path Compression = Our Solution

« Same issue as B+Tree node split
« Consistency issue on PM

NECSST 38
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= Failure-atomic path compression
 Add node depth field to compression header

Compression header (8 bytes)

A

|

|
struct Header { [o][alc

unsigned char depth;
unsigned char PrefixArr[7];

b

«

NECSST

unisT

A C Z

ACA ACC ACZ
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= Failure-atomic path compression
 Add node depth field to compression header

AZA to be inserted

Compression header (8 bytes)

A
|
[0][Alc

|

>

C Z

ACA ACC ACZ

NECSST 40
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Radix Tree) for PM

»

| e—
e——
- S em—e

= Failure-atomic path compression
 Add node depth field to compression header

Compression header (8 bytes)

A
[ |

[]A

~ C Z
Consistent state \*~\
~
Sso AZA
~
@ Decompression of old common prefix ) e
A C 7z
Inconsistent state Crash 1

ACA ACC ACZ

/
[0][alc G

NECSST

Next-generation Embedded / Computer System Software Technology
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= Failure-atomic path compression
« Failure detection in WORT

— Depth in a header # Counted depth = Crashed header

Compression header (8 bytes)
A

[ |

[]A
C Z
Inconsistent state AZA
[?_l AlC
l A C Z
Not equal to ACA ACC ACZ
expected tree depth (2)
NECSST 42
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Radix Tree) for PM
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= Failure-atomic path compression
 Failure recovery in WORT
— Compression header can be reconstructed - Atomically overwrite

Compression header (8 bytes)
A

—ACA Consistent state 'El A \
—
»ACC D
C Z
Inconsistent state AZA
|§| AlC -
A C 7z
ACA ACC ACZ

NECSST 43
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Yet Another Issue with Original Radix Tree
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= |nsertion Order
= Path Compression

= Node Size

e EXxists solutions
« We focus on ART

NECSST 44
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Influence of Node Size on WORT

w» = v &

= Trade off between node size and performance

* Node sizef —— Tree height | —— Search performance 1
Space overhead { ——Insertion performance |

OWORT with 16 child pointers (128 byte node)
B WORT with 256 child pointers (2KB node)

~3

=

~2

o

2

o |

E

=0 | I

20 DRAM DRAM X 3

< (PM latency) (PM latency)
Search Insertion

NECSST 45
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= Adaptive nodes

* Nodes are exchanged with different sizes according to the number of
valid entries

( ]

| )
“— — 9 )
RN A

<Original radix tree> <Adaptive Radix Tree>

[

NECSST 46
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= Designs of adaptive nodes
« Additional array (partial keys and child index array) is a 1-byte

reference to a key in the pointer array
Node4

partial keys pointer array
A A

001 2 370

7 2 3
Header|[ 0 | 2 [ 4 R38|77720770070777

Nodel6
partia}l keys pointelr array

0 1 2 15 0 1 2 15
a4 253 0 | ... [ 2 W07 ... D7
Node48 child inldex array pointell' array

001 23 4-7 TBEST T~ 6 47
Header|| 46 47 0o ...|2 W W %V%
Node256 T ey

|

0 1 2 3 4 5 6 7 254 255
neaderlf77) 4 W i

NECSST 47
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Yet Another Issue with Original Radix Tree

—= -

—

pr ? ! =)
/ S
N

= |nsertion Order
= Path Compression

= Node Size
« Exists solutions
 We focus on ART
=» Issue on PM

NECSST 48
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Consistency Issue of A_qlaptive nodes

B

-
——
- e

= Noded and Node16

« Partial keys and pointer array are sorted by order of character value

— Update size is larger than 8-byte atomic write granularity
- need logging or CoW to guarantee consistency

Node4

partial keys pointer array
A A

001 2 309

1 2 3
Header|| 0 | 2 | 4 255 V//Jy//Ay///A?//A

1

Nodel6

partial keys pointer array
L I

0 1 2 15" 0 2

Header|[ 0 | 2 | 4| ... ZSSV//JV/I/M 7/1/5/A

NECSST 49
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= Insertion process of Node4

unisT

Consistency Issue of Adaptive nodes

N . NN =

-
e——

p o

- | ——
Y - . /
v S

partial keys pointer array
A A

@ Insert new key el e T LN

(@ Existing entries are moved partial keys pointer array
To maintain sorted order ‘o1 2 370 1 2 3
Header|[ 0 | 2 \2}55 WW \ZA,:

partial keys pointer array
3 New key and child are inserted s e Rl
In empty entries Header|| 0 | 2 | 4 RSS20 787777

Consistency of these insertion processes cannot be
guaranteed with single 8-byte atomic write

NECSST 50
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Yet Another Issue with Original Radix Tree

= -

—

v ¥

= |nsertion Order
= Path Compression

= Node Size
« Exists solutions
 We focus on ART
=>» Issue on PM =» Our Solution

NECSST 51
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WOART (Write Optimal Adaptive Radix Tree)

Redesignhed Node4

« Pointer array is maintained in unsorted order

« Slot array is used to indicate validation of each entry in pointer array
and indirectly expresses sorted order of pointer array

Node4
partial keys (4 bytes) pointer array (32 bytes)
i A

01 2 37 0

7 2 3
Header|[ 0 | 2 | 4 RSS20/
\ 4

partial keys + slot array (8 bytes) pointer array (32 bytes)
A A

01 2 3 0 1 2,370 =~1 2 3
i <

Header|| 0 | 2 | 4 255|| 2 |~3 011 V//A?//A?/M

NECSST 52
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ptimal Adaptive Radix Tree)'

= |Insertion process in redesigned Node4

partial keys + slot array (8 bytes) pointer array (32 bytes)
) A

@ Insert new key ,

4 =l 0123012/3'"'7#\‘1 2 3
Header| 0 [2 55 [[2]3]1 A m
———~— - _ -

(2 Empty entry in pointer array is partal keys * iyt array (B bytes) _ polnter arrly (2 bytes)
{ 1\ \
found by slot array and written to 01 23 0123 3

0 1 2
Header|| 0 | 2 255 |I 213! %V/AV/AV/A

partial keys + slot array (8 bytes)
)

(3 Partial keys and slot array is r r
out-place updated, written o[2]apsd2]3]e]:

atomically overwriting old value Atomically overwritten

0O 1 2 3 01 2 3 1

0 23
neader|| 0 [ 2 p59  [2]3]1 [ W07
NECSST 33
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WOART (Write Optimal Adaptive Radix Tree)
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= Redesigned Node16

« Partial keys and pointer array are maintained in unsorted order

« Bitmap is used to represent the validity of each entry in partial keys
and pointer array

Nodel6
partial keys (16 bytes) pointer array (128 bytes)
I i

0 1 2 15 0 15

Header| 4 255 0 | ... | 2 V//AV/I/AV/Z; ..z
4

partial keys (16 bytes) pointer array (128 bytes)
I i
0 1 2 15 0

e 15
Header|[Biemap][ 4 P53 0 | ... [ 2 |07 ... W7

NECSST 54
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WOART (Write Optimal Adaptive Radix Tree)

= |nsertion process in redesigned Node16
(@ Insert new key

partial keys (16 bytes) pointer array (128 bytes)
A i

4 = R 15 0 1 2 15
1000 0000 0000 0110][ P50 | ... [ 2 0 ..

(2 Empty entries of partial key and pointer array are found by bitmap

0 1 2 15 0 15

I 2
1000 0000 0000 o110][ RsJ o ... [2 o L o

(3 Partial keys and pointer array are updated

0 1 2 15 0 1 2 15
1000 0000 0000 0110[ 4 55 0 L\ ... i/
(@) Bitmap is atomically updated
0 1 2 15 0 I 2 15
1000 0000 0000 0111][ 4 59 0 | ... [ 2 |7 ... 47
NECSST 55
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Write Optirh*al Dta Structure for PM
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R @ NS

= Our proposed radix tree variants are optimal for PM

« Consistency is always guaranteed with a single 8-byte failure-atomic
write without any additional copies for logging or CoW

WORT (Write Optimal Radix Tree)

WOART (Write Optimal Adaptive Radix Tree)

1. Failure-atomic path compression 2. Redesigned adaptive node

Node4
| partial keys + slot array (8 bytes)  pointer array (32 bytes)
Compression header (8 bytes) | |

| |

1l
012301 2730 2 3

)
[ \
struct Header { RIAC T TTT] M -
unsigned char depth; A| C| ZT Header]) 0] 2 | 4 255 2\ 3 0]! |V//%%V/AV/'//A

~ - -
- -

~=a - -
- - -
-

unsigned char PrefixArr[7]; )
} ACA ACC ACZ

Node16 partial key al;ray (16 bytes)  pointer arraly (128 bytes)
012 15 0 12 I5
Header||Bitmap|| 4 25§ 0 | ... %%% %
NECSST 56
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Evaluation

= Experimental environment

System configuration

Description
CPU | Intel Xeon E5-2620V3 X 2
OS | Linux CentOS 6.6 (64bit) kernel v4.7.0
PM Emulated with 256GB DRAM

Write latency: Inject additional stall cycles

NECSST
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Evaluation

y

= Experimental environment

Comparison group

Radix tree variants B+tree variants

I WOR | BRRRAEBBE]| Wiee (FAST'18) | Fves SIGHOD 16

PM PM

R OO

NECSST 58
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Evaluation

J

= Experimental environment

Synthetic Workload Characteristics

— Dense [1 ... N]

— Sparse [1 ... 254) @

— Clustered [1 ... 264)
H—H iH i i HH H—

NECSST 59

Next-generation Embedded / Computer System Software Technology

unisT




C4

Evaluation

= Insertion performance
« WORT and WOART generally outperform the B+Tree variants

BWORT BFPTree BNVTree OwB+Tree BWORT BFPTree BNVTree OwB+Tree BWORT BFPTree BNVTree OwB+Tree

N

w

—_—

Avg. time/op (us)
N

x3
Write latency (ns) Write latency (ns) Write latency (ns)
(a) Dense (b) Sparse (c) Clustered

NECSST 60
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Evaluation

y

= Insertion performance

« WORT and WOART generally outperform the B+Tree variants
— DRAM-based internal node - more favorable performance for FPTree

BWORT BFPTree BNVTree OwB+Tree BWORT BFPTree BNVTree OwB+Tree

N

w

—_—

Avg. time/op (us)
N

o

x3
Write latency (ns) Write latency (ns) Write latency (ns)

(a) Dense (b) Sparse (c) Clustered

NECSST 61

... Next-generation Embedded / Computer System Software Technology




Evaluation

= Insertion performance

« WORT vs wB+Tree
— Performance differences increase in proportion to write latency

BWORT BFPTree BNVTree OwB+Tree BWORT BFPTree BNVTree OwB+Tree BWORT BFPTree BNVTree OwB+Tree

N

w

—_—

Avg. time/op (us)
N

' 0
\-) DRAM X3 x5 DRAM x3 x5 DRAM x3 x5
Write latency (ns) Write latency (ns) Write latency (ns)
(a) Dense (b) Sparse (c) Clustered

. [:|SSR% NECSST 62
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Evaluation

- -
—— -
4 / ‘ 3

-

= CLFLUSH count per opération

e B+Tree variants incur more cache flush instructions

O EWORT BEFPTree ENVTree OwB+Tree

(3)] (=7)
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

N w L)
I I

I

I

Avg. Num. CLFLUSH/op

-
I

\0-1)

o

Dense Sparse Clustered

NECSST 63
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Evaluation

= Search performance

« WORT always perform better than B+Tree variants

BWORT ®FPTree

(a) Dense

BWORT ®FPTree
ENVTree OwB+Tree

Avg. time/op (us)
o o o
BN (o)) oo
I I I
I I I
I I
| |

O
o N

I

I

DRAM
(b) Sparse

unisT [ ElSSRﬁm NECSST
comvu ERENGINEERING ... Next-generation Embedded / Computer System Software Technology

BWORT ®FPTree
BNVTree OwB+Tree

DRAM
(c) Clustered
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Evaluation
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= Range query performanCe

« Performance gap for range query decreases for PM indexes compared
with it between WORT and original B+Tree

— B+Tree variants do not keep the keys sorted - Rearrangement overhead

O BEWORT BFPTree ENVTree OwB+Tree BEB+Tree
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= MC-benchmark performénce on Memcached

« WORT outperform B+Tree variants in both SET and GET
— Additional indirection & flush overhead in B+Tree variants

BEWORT BEFPTree BwB+Tree

Avg. time/op (us)

Write latency(ns) | Read latency(ns)
Set : Get
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Conclusion

= Showed suitability of radix tree as PM indexing structure

= Proposed optimal radix tree variants WORT and WOART

« Optimal: maintain consistency only with single failure-atomic write
without any duplicate copies

NECSST 67

Next-generation Embedded / Computer System Software Technology




L / / N
: :
v, A e
- -—

-
-

Moral of the Story

-
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= What we take for granted: all algorithms and data
structures may be worth a revisit

« Failure-Atomic Slotted Paging for Persistent Memory
— ASPLOS 2017

« Soft Updates Made Simple and FAST
— ATC 2017

« A Write-friendly Hashing Scheme for Non-volatile Memory Systems
— MSST 2017

= Change in environment = Change in assumption?

= Fault Model?
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