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The Past
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Moore’s Law
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Processor Trends

pipelining
ILP
multithreading

multicores multisocket
(CMP) multicores

goal: scalability
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Vertical Dimension: Cores & Caches

pipelining
ILP

multithreading MAIN MEMORY

implicit parallelism & memory matters
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Now: Cores & Cache Utilization

at peak throughput on Shore-MT, Intel Xeon X5660
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Horizontal Dimension: Cores & Sockets
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exploit abundant parallelism
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Workload Scalability on Multicores

I OLTP ‘ OLAP
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Today’s Memory Hierarchy
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Stalls in Cloud Workloads
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> 50% of the time goes to stalls on average



_ Imperial College London
Sources of Memory Stalls

100GB data on Shore-MT, Intel Xeon E5-2660
O Stalled @ Busy
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L1-1 & LLC data misses dominate the stall time
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For Data Intensive Applications ...

* 50%-80% of cycles are stalls

—Problem:
instruction fetch & long-latency data misses

—Instructions need more capacity
—Data misses are compulsory

* Focus on maximizing:
—L1-I locality & cache line utilization for data
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Minimizing Memory Stalls

prefetching
light
temporal stream
software-guided

being cache conscious

code optimizations
alternative data structures/layout
vectorized execution

exploiting common instructions
computation spreading

13
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Prefetching — Lite

* next-line: miss A =2 fetch A+1
* stream: miss A, A+1 = fetch A+2, A+3

v favors sequential access & spatial locality

xinstructions: branches, function calls
* branch prediction

xdata: pointer chasing
e stride: miss A, A+20 = fetch A+40, A+60

preferred on real hardware due to simplicity
but memory stalls are still too high
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Temporal Streaming
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exploits recurring control flow
more accurate =2 higher space cost
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Software-guided Prefetching

instructions
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Minimizing Memory Stalls

prefetching
light
temporal stream
software-guided

being cache conscious
code optimizations

alternative data structures/layout
vectorized execution

exploiting common instructions
computation spreading
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Code Optimizations

* simplified code
— in-memory databases have smaller instruction footprint

* better code layout

— minimize jumps =2 exploit next line prefetcher
— profile-guided optimizations (static)
— just-in-time (dynamic)

* query compilation into machine/naive code
— e.g., HyPer, Hekaton, MemSQL

18



Imperial College London

Cache Conscious Data Layouts

erietta | blue

pinar | black
danica | green
iraklis | orange

16 bytes columns

goal:

maximize cache line utilization &
exploit next-line prefetcher

row stores: good for OLTP
accessing many columns

column stores: good for OLAP

accessing a few columns

cache lines (64bytes)

erietta

blue

pinar

black

erietta

pinar

danica

iraklis

row store

column store
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Cache Conscious Data Structures

index tree iIn memory

lookup-heavy workload

BT [ [ ]
/ i scan-heavy workload

+ align nodes to cache lines

goal: maximize cache line utilization &
exploit next-line prefetcher in tree probe
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Volcano Iterator Model

erietta | blue

pinar | black
danica | green
iraklis | orange

next()

erietta

erietta

Imperial College London

SELECT

x poor data & instruction cache locality



Vectorized Execution

erietta | blue

pinar | black
danica | green
iraklis | orange

next()

Imperial College London

erietta

iraklis

) 1

erietta

pinar

danica

iraklis SELECT

v’ good data & instruction cache locality
v' allows exploiting SIMD
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Minimizing Memory Stalls

prefetching
light
temporal stream
software-guided

being cache conscious

code optimizations
alternative data structures/layout
vectorized execution

exploiting common instructions

computation spreading
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Instruction & Data Overlap

TPC-C (100GB data) on Shore-MT
overlapping cache blocks C0|d ho

new order payment
overlap: significant for instructions & low for data
higher overlap in same-type transactions

instructions

data
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Computation Spreading

Threads

T1

12

time
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Conventional SLICC
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exploits aggregate L1-1 & instruction overlap
need to track recent misses and cache contents
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Summary

e DBMSs underutilize a core’s resources

* Problem 1: L1-lI misses

—due to capacity

—minimized footprint &
illusion of a larger cache by maximizing re-use

* Problem 2: LLC data misses

—compulsory

—maximize cache-line utilization through
cache-conscious algorithms and layout
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Modern Parallelism
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instruction & data
parallelism
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Challenges when Scaling Up

I OLTP ‘ OLAP
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access latency memory bandwidth
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Critical Path of Transaction Execution

System state

//%/

threads 3

Core Core ore Core Core Cqre Core Core

many accesses to shared data structures



Imperial College London

Data Access Pattern

°
°
(X
[
®
)
°

[ )
®, .
o % ° o ® e 0.° . L e -¢+nooo
[} o o

oo Sot S sthe e e $88. 0% 0 .

o °

7% 0 o0 gle % e ® 7 e “ % o o °,

Ce ° . Sole® ¢ o [0 98 °
! ¢ o o e . o, ., o3 K I
o ° ol ot o Sl 0, § o
° i og® ¢ M . 8 i ] ° 0).. hd
020® 8 % o ° . o2* * moto °
3 S °F ep 0% e o D)
o o o ° o L] o0 . o ]
. L] L]

2. © %8 o 00 °le® o ® 00 g .
<o ° n 0 o Co . LI} oo ° o. °
o
e ® ® 0o “e® L ° 8 oy Y s

0 o[~
. . s o 8 * o .
ee o ® . ° ® o 0 H . s ®
° ° o %e° o L4 . o o
° ° . ° e o o ° ° ®

oo
o
Nt o

o °

0

o

o8 oo
¢ .

.

e®° ¢

o o
. °
. el @ o © H . U
% o® ° . od ° o ° ° o f o
Se . A ° . ® S . . ©
°

e %, 70 o _o ° . o o o o T o
- e u ° . L4 o, ° o°® []

° g % o H ] ® e 8 o, e °

%o o © % L . ® ‘e

o ° o ° 4" o o .
e ° ° e o 8 a s o
° ®a ° o Se ° ) ° . o0 Coe
. o L) oo s ° F .
[} o |9 o _e ° ° °
oo, ..) $o ol%, of oo H mo . -o) . - .
° M o ° o e o .08 "
». . * ) °
00 %0 0 ® o o 0’0 o L, o "% ° ® o0
. d ° e o e ° . . ° ®
. . Y L ° L - ] Y o °
. ° ® ‘o o
s °*° . o0 |® so g
o ° ° * vol'e °
L ) . ) <l (M
o . ° ° . o 3
e ] o o° e o oo " e
® o D) o X ) °
° ® e ° bl ° °
¢ oo ¢ ® o o 80 o0 Ce. o o o o
' L, 0] ° s . ° o o . |* 800 o
. ° . o o ] o %e
e e . . ° ] . . L4 o
. o0 . . b ° oo °, ® o,
P ° 8 o o . ° o4 °°
o . ] o ° ¢
° ° s~ - o0 o o o oo

O e I e ° . LAY o0 0 2%, o

o [} ° % 3 °
L ole o © oo .

oo [} 3 13 ° . 8 o o
° . © 1 [] °
o oo °f o .. ° °

®° |0 og0 ° ° e & S
° 3 . . ° ° o
0o |° g0 e le of e, |® o0 .
o ee 81 -ooo o 20 . K oo 0o 0 °
o o ° . ° .
° h [ o ® J ° o0 ® o © s .
° i o .
° i . o ° °® °
° 3 ° % o |o o
. L4 ° (3
° ° . ° . e
o ° ¢ o oo
] . o.nou . ® ® o ° o |o 50 °
0o e s °,.23, . > c. A . ° . °
. o .
o ©° o-. ° ® ° . e ° U . ° 8oy @
q o0 o e . 8§ o ¢ oo .
o0 L o°* °
¢ . e ° % o oou . o
. .
-7 . o ®e0 o %9 o000 L] °
. e %o ° ° o,
° . [
.. ° o [] ° °® o * o
) ] © 0 . °
L L] ] ° L] ()
° o 8o e ®o° ° o | s

o o o o
N

Sp4033aJ 1J141SI1d

0.8

0.6

0.4

0.2

time (secs)
unpredictable data accesses
clutter code with critical sections -> contention



_ Imperial College London
Critical Sections

Updating 1 row

. e

many critical sections even for simplest transaction
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Critical Section Types

unbounded fixed cooperative
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locking, latching transaction manager logging
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Scaling up OLTP

unscalable components
locking

latching
logging

synchronization

tradeoffs
best practices

non-uniform communication
hardware Islands

33
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Hot Shared Locks Cause Contention

= hot lock
o cold lock

O
DIDD DID I:|I|:|I:|
O DD o d O O
I:l.l:ll - | I:l.l:ll
O O DDDD DD
O |

trx, trx, trxs
O O
O
0 O O
§ ¥ 4d ¥ §d ¥
lock manager

agent thread execution
>

release and request the same locks repeatedly
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Speculative Lock Inheritance

- ~

without ™ ~"seed lock list ™ hot lock
~ commit without ~, :
\ _ v . ofnexttrx .~ " ot loc
.releasing hot locks.~ [ SR > cold lock

- -

- - o

[
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lock manager
agent thread execution
>

significantly reduces lock contention
co-locate atomic counters with data
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Data-Oriented Transaction Execution

Routing fields: {WH_ID, D_ID}

TPC-C Payment

Range Executor
A-H 1
I-N 2
Phase 1
Phase 2 Completed Local Lock Table
@ Pref LM Own Wait
{1,0} | EX @ @
{1,3} | EX ‘
L)oo
Input

convert centralized locking to thread-local
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Thread-to-transaction - Access Pattern
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Thread-to-data — Access Pattern
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In-memory Databases

Traditional disk-based OLTP In-memory OLTP

1/0 ; ; ; ; > Lighter concurrency control

in ms

Optimized for better cache
” utilization

Buffer Manager ~

> No buffer manager (35%)

No use of disk

39
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Scaling up OLTP

unscalable components

latching
logging

synchronization

tradeoffs
best practices

non-uniform communication
hardware Islands

40
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Data Access in Centralized B-tree

index

heap

conflicts on both index and heap pages
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Physiological Partitioning (PLP)

42
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Scaling up OLTP

unscalable components

logging

synchronization

tradeoffs
best practices

non-uniform communication
hardware Islands

45
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A Day in the Life of a Serial Log

@ WAL commit
xct 1 VV\._ Z '//'!\I\END B lock Mgr.
- log Magr.
% % W\ working
% N " "11/0 Wait
\VaVaVaVaV, v\%
“ V{AL /% // '’ serialize

serialize at the log head
|/O delay to harden the commit record

serialize on incompatible lock

e



e Imperial College London
Aether Holistic Logging

@ WAL g ________
e early lock release Xctl"‘lV‘-WV‘C--_;--//---'V‘END
ommi
— can be improved further with control Tock violation
flush pivelin Time. Log Writer 'FT:;_/ZZ?:-'N\'VV\
o / /
usn pipelining Thread1l Xctl W&OAvWZ |
— reduces context switches Xct 3 W'%W‘% """
Thread 2 Xct 2 VWWNZAVNZ
Xct 4 WY

* consolidation array AL
— minimize log contention Xct 1 V\lV\-VVV\-V\ENQUEUE

\‘/ Commit
xct 2 VWWWW L Ivvwiivv
xct 3 VW VvV
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Scaling up OLTP

non-uniform communication
hardware Islands

48
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Multisocket Multicores

<10 cycles

50 cycles
n (le

threads ; ; ;

socket O socket 1

communication latencies vary by order-of-magnitude
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OLTP on Hardware Islands

(t N (¢ A

ENINN
ENiNN

g J J
shared-everything Island shared-nothing shared-nothing
v’ stable v robust middle ground v fast
X not optimal x sensitive to workload

Challenges:

— optimal configuration depends on workload and hardware
— expensive repartitioning due to physical data movement
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Adaptive Transaction Processing
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Scaling up OLTP

* identify bottlenecks in existing systems
— eliminate bottlenecks systematically and holistically

* design new system from the ground up
— without creating new bottlenecks

* do not assume uniformity in communication
* choose the right synchronization mechanism
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