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Challenges for Database Systems Database 5.".:
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‘Three things are
important in the
database world:

The DBMS Landscape -
Performance Needs

performance,

performance and o Other apps

performance.”

\Bruce Lindsey
Data Warehouse OLTP
Extreme data Extreme performance
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Challenges for Database Systems

Database gus

Extreme Performance

N Other apps
high /1.

high . high

Data Warehouse oLTP

A

Extreme Flexibility

Group “I

Flexibility in Database Systems

+ during deployment time
(schema definition)

- during database lifetime
(schema evolution)

- during query runtime
(scheduling, ...)
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Extreme Data
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Flexibility from 10.000 feet

Database a8

data comes first, schema comes second

querying Web-Tables Open Data

platforms

role-based object models

applications
S
(V]
=
epee -
Flexibility is )
cross-cutting § .
Q
S
©
o

v Demand flexibility

= qalternative = domain-specific = statistical

query model data models operators

drill-beyond
e e data model- related
= record management storage model- related

= |ogging an persistency
= HW/SW DB-CoDesign qguery processing
= (MV)CC

2\

Provide flexibility

operating system
& hardware

TECHNISCHE
UNIVERSITAT
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StorageClassMemory
MegaCore systems

TeraByte-Capacity

¢ GPUs

FPGAs/FPPAs
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Example 1: Data-driven Schema Design

1998

GSM

Dimensions/Weight

DotMatrix Display
Standby/Talk Time
#Names, #SMS
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2002

GSM TriBand

Dimensions/Weight/
Form Factor

DotMatrix Display
Standby/Talk Time
#Names, #SMS

Polyphonic
Ringtones
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2006

GSM, GPRS,
Bluetooth, FM

Dimensions/Weight/
Form Factor

2.0”, QVGA, Color
Standby/Talk Time
Memory/Card Slot

MP3 Ringtones/MP3
Player/Browser

3MP Camera

Database

2008

GSM, UMTS,
Bluetooth, USB, WiFi

Dimensions/Weight

3.5”,320%x480, Touch
Battery Capacity

Memory
Browser/Exchange
3MP Camera

CPU, OS

2012

GSM, UMTS, HSPA+,
Bluetooth, FM, USB,
WiFi, aGPS, HDMI

Dimensions/Weight

4.3”, 800x480, Touch
Battery Capacity

Memory/Storage/Ca
rd Slot

Browser/Exchange

Front/Rear
Camera/HD Video

CPU, GPU, OS
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Example 2: Web Data Management Database L

Web Data: A Multitude of Data Models and Sources

OAuth...
SON:: XML
REST

Bas:c-Auth

|“a| \

List by the United Nations (2010)7)

2010 GOP GoP
s BT e (m::‘:n. o Rank & Country/Region & ::l:;l::; & Rank & Country/Region & (:l:l::; & Year &
of US§) Worid 69,899,225 World 69,983,693"'7 2011
[ chira 5730358 1 M United States  15.075675 | 1 MBS United States  15.094.000 2011
3 ® Japan 5458873 |2 Bl crina 7208147 |2 Bl china 73184997 2011
4 - Germany 3280334 3 @ Japen 5866540 |3 ® Japen 5867154 2011
5 B BFrance 2550850 4 - Germany 2607364 4 - Germany 357085 2011
& == sosassa ||° 0 N France 2778085 |5 I B France 2773032 2011
(o5 6 &3 erazil 242507 & Brazil 2476852 2011
T m Brazil 2.088.966 United United
o T 20120 |7 E’znm 2431310 |7 E?gn . 2431589 2011
9 =L India 1722328 (|8 1 Ny 2198732 |8 1 By 2194750 2011
10 B+ Canada 1577040 9 - Russia 1,850,401 El 1,857.770 2011
" - Russia 1479822 10 == India 1826811 10 1847982 2011
12 == spain 1407322 |11 Bl Canaca 1738854 | 11 1736051 2011
12 1.271.948 12 tr 1,486,914 12 1,480,810 201
14 aic 1032224 13 1479580 | 13 1371764 2011
15 i@ SouthKores 1014368 14 Bl Missico 1163858 | 14 Bl Missico 11685316 2011

= Example 1: Queries spanning millions of data sources with as many schemata
= Example 2: Augment local datasets with (external) third-party information

N select ... from cust, . - |
N . :’f;_ CR ) = T A
™ where nations.GDP > $1B S f % ’~5= o Foi

ie‘% =/ 1‘% N 1‘5 ""“z“ Yo, 5=

-.‘-c

TECHNISCHE
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Example 3: Energy-Adaptive High-Speed Database :"_".:
Computing Platform Giour ™ gms

BEuisdie SFB912: HAEC — Highly Adaptive Energy Efficient Computing

Forschungsgemeinschaft

DFG Optical Interconnect

 adaptive analog/digital
circuits for e/o transceiver

« embedded polymer
waveguide

» packaging technologies
(e.g. 3D stacking of Si/lll-V
hybrids)

* 90° coupling of laser

Radio Interconnect
« on-chip/on-package
antenna arrays
analog/digital
beamsteering and

Interference minimization
100Gb/s

100-300GHz channel

3D routing & flow
management
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QPPT Overview Database Sas

e Composed Operators
=  Construction of composed operators, like multi-way-select-join-group-sort
A 2 Avoids Intermediate Materialization

Cooperative Operators
= Qperators optimize their
output for the next operator VAN

Prefix Tree-

0 Intermediate Indexed Tables

= QOperators exchange clustered indexes

QPPT: Query Processing on Prefix Trees

Thomas Kissinger, Ben&imin Schiegel, Dirk Habich, Wolfgang Lehner
tabase Technology Group
fechnische Universitat Dresden

CIDR2013  (emitiimmemar

ABSTRACT

In-Memory Database

of-the

ODUCTION

complex OLAP queries with low Iatencies as

Adaptive Query Processing on Prefix Trees |

based Indexes

Cluster Indexes
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Prefix Trees Database z

Zugrifisverfahren fir
aindimensionak Schlisssl

Schliissal- Schlissal-
vargleich transformation
fortlaufender baumstrukturiertsr konstante Trans variable Trans-
Werglaich Weargkich fomationsverfahren formationsverfahrizn
Verglich Verglkich kaollisions- Kollision s Fiollision she-
physisch kgisch des vion frzies behandlung handlung durch
fortlaufend fortiaufend danzen Schlissak Satzzu- mit LEeriauf- cynamische
Schlissals teilen ardnung berichean Ersgiterung
Sequentislle || Geksttete %!l'l‘gl'f 'l:'eh" [rigital- statische chynamische
Listan Listen I:T;;uu me: tx"s.e:%-e Baume Hash-Bemiche Hash-Bearaiche
scuantiall baumstrukturiert gestreut

Chigan isationsformen
der Speicherungs-
struktuen

Prefix Trees B+-Trees

= Unbalanced = Balanced
<= Balanced read/write performance — Low update performance

== Main memory-optimized — Disk-optimized

== Efficient parallel access — Low scalability

TECHNISCHE
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Index Landscape

Database gus

KISS-Tree
—> 32bit key index

virtual |

I

1
| F 16hit

1

1

]

[
on-demand & ' )
compact pointers . = 10bit

=y —

Thread- Local Memory Management Subsystem

N O1|2 14 15
N O/l 2 1415 Value PAr N{O|1]|2 1415
Value Btes)
Value Ptr
Value Ptr
Value Ptr Value | Ptr
Value | Ptr Value | Ptr N O 12 14/15
Value Ptr Value | Ptr
Value Ptr Value | Ptr
1|2 14115 | Value | Pt
| Value Ptr
Value | Ptr
Value Ptr
Clustered Column Store T -
. . 4KB Value Ptr
—> Scan optimized Vaiue | i

TECHNISCHE
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- NUMA optimized

Group “‘I

Buzzard

LIIILIILI.

lazy

expansion
remove path !
to single leaf

Adaptive Radix Tree (ART)
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KISS-Tree Overview Database A

8
Groin .“"‘ ...........
_ 27 e M
Propertles i Level 1 virtual i
= Specialized version for 32bit keys ! 'L 16bit
= Latch-free updates l :
1 |
= Order-preserving e LT &
= 2-3 memory accesses per key | Level2 on-demand & | .
: compact pointers | [~ 10bit
L e R T T - U sy e S I—
- Comparable fast to reported Level3 ‘i % sanm = * comeessd | L i

order-preserving in-memory
indexes for read access

- BUT:

H |g h u p d ate p e rfO rmance KISS-Tree: Smart Latch-Free In-Memory Indexing
DAEMON 2012 on Modern Architectures

Thomas Kissinger, Benjamin Schlegel, Dirk Habich, Wolfgang Lehner

-

Thread-Local Memory Management Subsystem

= Heterogeneous in-memory index structure (;ﬂ*;}:nﬂm
» Combination of direct and indirect addressing psTRACT

= Takes advantage of virtual memory management

| |

Enables different compression mechanisms

data structures were designed for sec-
involve comprehensive structural main-

Figure 1: KISS-Tree Overview.

indexes) in-memory and use
only for persister
the bottleneck fo

1

the results to existi

forces us to design new nulcx structures
ffers the highest. rep ed

or these new design go are-
over, the movement from disks t6 main memory dramatically

TECHNISCHE

© Prof. Dr.-'ng, WOlfgang Lehner | @UNIVERSITKT Ada ptive ( 1. INTRODUCTION hardware, parallel processing of operations on index stric-

DRESDEN tures imposes a new challenges for us, because the overhead




Level 1: Virtual Level Database A

Decimal Key: 327914
' 0000 0000 0000 0101 1 0000 000011 ' 101010 Split key in 3 fragments

|
16bit (f7)
-Y_ = Calculate corresponding 2nd node address from the
s SF E first fragment

- Direct addressing
—>No memory required for level 1

Requirement for Level 2: All nodes have to be stored sequentially in memory

EEEEEEEEEE

© Prof. Dr.-Ing. Wolfgang Lehner | @
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Level 1: Virtual Level Database A

Decimal Key: 327914
' 0000 0000 0000 0101 1 0000 000011 ' 101010 Split key in 3 fragments

Virtual Memory Address

4 KB ees | 4KB

Operating
System

Memory

Page _
Management Unit Hardware

Directory

Physical Memory Address

ol

Adaptive Query Processing on Prefix Trees 13
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Level 2: On-demand Level Database 2

Group “I

Decimal Key 327914 = Change over to indirect addressing

_____________________ = 1024 buckets per node containing
- 0000 0000 0000 0101 I' 0000 0000 11 | 101010 a compact pointer to the 3 level

node
= 256 MB maximum

10bit (y)

Virtual Memory Address

: Level 2
I 4KB 4 KB 4KB4KB
I

DB - [

ees | J \ J \ J
|

210 = 1024 pointer to L3 leaf nodes

|

216 + 210 = potential L3 leaf nodes of a size between 2° and 2°

EEEEEEEEEE
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Level 2: On-demand Level Database )

- 0000 0000 0000 0101 | 0000 0000 11 1| 10 1010

Number of existing . : Position of L3 leaf node
elements in L3 leaf node in corresponding memory segment
(compression)

e Allocation of consecutive virtual
memory segments —>
for each of the 64 node sizes
possible on the third level

* Each segment consists of a

—> 225 blocks of
size 1 pre-allocated

maximum of 226 blocks of the

respective node size —> 226 blocks of node size 64 pre-allocated

© Prof. Dr.-Ing. Wolfgang Lehner | @) st ; ; . | 15
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Level 3: Compression Database L2

Decimal Key: 327914

____________-l________-l

- 0000 0000 0000 0101 } . 0000000011 1| 101010

6bit (f3)

42 = 64 possible node sizes
= Bitmap indicates which bucket is in use
= only existing values are stored

A\
64bit Values = Read-copy-updates
Bitmask = Compare-and-swap

- No in-place updates possible (lost updates)

Thread-Local Memory Management Subsystem

EEEEEEEEEE
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Duplicate Handling Database L2

= Efficient duplicate handling necessary for query processing
= Scanning a linked list results in random memory accesses

Page Size Limit Growing Segment Size

Value Value |[€4 Value €= €| Value Value €
/) Value Value Value Value
M\ 64Byte Value Value Value
______ — 128Byte Value Value
Gosasqpesced 4KB
\\‘ ,,,/, __________ .t __________
y ¢ R

Physical Memory (4KB Pages)

Hardware Prefetching Boundary

= Page boundaries are a barrier for hardware prefetchers
= store values sequentially in 4KB blocks
= blocks grow exponentially until reaching 4KB
—> trade-off between scan performance and memory consumption
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| [

0 ' .

Prefix Tree Performance Database Sen

Group ““I

Insert/Update Performance Lookup Performance
300 300
WGLIB  WBOOST MKISS  WKISS Batched mGLUBE mBOOST  mKISS KISS Batched
250 250
E 200 E 200
% 150 % 150
E 100 E 100
0 - 0 -
1M 16M 64M 1M 16M 64M
Number of Keys in Tree Number of Keys in Tree

=  Performance depends on the number of memory accesses per key
= KISS-Tree: 3 memory accesses per key
= Latency Hiding with Batch Updates/Lookups

= KISS-Tree performs better than hash table implementations
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Cooperative Operators Database A0

Group "I
= Each operator adjusts its output to the requirements of the successive

operator
P = traditional operators mostly build

internal indexes anyway

— skip plain tuple exchange overhead
@ gggregatel - provide high-quality input to each
operator

| lineorder.orderdate |

["date.datekey lineorder.suppkey |
supplier.suppkey @m

part.partkey |

index
0]

| lineorder.partkey |

lineorder

supplier

Adaptive Query Processing on Prefix Trees | 19




Composed Operators (1) Database A0

= Materialization is costly; thus try to completly avoid it!

" integrate operators that
materialize large intermediate

@\“\gg'egate ) results

| lineorder.orderdate |

lineorder.suppkey |

(b e

| date.datekey

Qm

date supplier lineorder
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Composed Operators (2) Database L

= Materialization is costly; thus try to completly avoid it!

= 3-way-select-join
class FILTERPT4: public PlanOperator {

void joinWith{int joinnum, int outputnum, u inted4 t*=* buffer, int bufferpos, bool final);
u inted t**=** joinbuffers;

| date.datekey

| supplier.suppkey

[

lineorder.partkey |

Qm

date supplier lineorder
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Evaluation (1)

= Star Schema Benchmark (SSB)
= Scale Factor =15

= Intel i7-3960X
= 15MBLLC
= 3.3 GHz (Turbo Mode disabled)
= 32 GB Main Memory
= Ubuntu 12.04
= Single-threaded execution

TECHNISCHE
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L
Database ass
Group “‘I
CUSTOMER (C ) LNEORDER(LO ) PART (P )
SP30,000 SF*6.000.000 200,000*[ 1+log, SA
CLETKEY ORDERKEY PARKEY
NAVE LINENUMBER NANE
ADCRES CUETEEY VEGR
PARTKEY
cry CATERY
NATION SUPPKEY
— ORDERDATE p—p—
SO ORDPRIORITY —
SHIPPRIORITY
MKT SEQVENT SEE
QUANTITY
SUPPLER (S
SP2 00(0 ) EXTENDEDPRICE CONTRNER
: ORDTOTALPRCE DATE (D_)
SLPAKEY 7 Years of Days
NAVE DISCOUNT DATEKEY DAYNUMNMONTH
—— DATE MONTHNUMINYEAR
ACDRES — DAYOFWEEK | WEEKNUMNYERR
SUPPLYCOST
cry MONTH SELLINGSEASON
NATION TAX YEAR |LAsTDAYINMONTHEL
—— COMMITDATE YEARMONTHNUM | HOLIDAYH.
SO YEARMONIH _ |WEBKDAYFL
PHOMNE - DAYNUMNWE FfDAYNUMNYEAR

Adaptive Query Processing on Prefix Trees
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Evaluation (2)

Database

Execution Time [ms]

5000

B MonetDB = Commercial DBMS m DexterDB

4500

3976
4000

3500

w
o
o
o

2693

N
[T
o
o

2059

N
o
o
o

1845

1476 1499
1500

1314

1000

500

Ql.1 Ql.2 Q1.3 Q2.1 Q2.2 Q2.3 Q3.1 Q3.2

Q4.1

Q4.2

Q4.3

(*) : we are in touch with MonetDB; performance numbers are under investigation

TECHNISCHE
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Evaluation (3)

Database gus

2500

2059

2000 -

1500 |

1000 |

Execution Time [ms]

500 -

MonetDB Commercial DBMS

= SSB Query4.1
= 4 Joins over 5 Tables

DexterDB w/ Select-
Join

= Multi-way join operator avoids

intermediate result
materialization

© Prof. Dr.-Ing. Wolfgang Lehner | @) st

DexterDB w/o Select-

Execution Time [ms]

10000

Join

SSB Query 1.1

Single Join

Select-Join operator avoids
intermediate result
materialization

Batched KISS-Tree
Lookups/Inserts

8000

7902

6000 -

4000 -

2000 -

MonetDB

Commercial DexterDB 5- | DexterDB 4- | DexterDB 3- DexterDB 2-
DBMS Way Join Way Join Way Join Way Join

Q4.1
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Adaptive QPPT (1) Database ':.l

= Flexible Query Execution on Adaptive Hardware

@ aggregate |

| lineorder.orderdate |

| date.datekey

supplier.suppkey

[

lineorder.partkey |

Qm

date supplier lineorder
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lineorder.partke

L

lineorder

PN

o |
Q
©
st
o
Q
c

Board Board 2

—_
)
o
—
o
) x x Qg
c @,
— 1 |
| |

= reduce hops by wireless ,,point-to-point” interconnects
= operator - data / data = operator shipping
= adaptive hardware components (e.g., trade cache for compute units)
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Comprehensive Approach: 9 Paths Database Zan

Information H
Processing HAEC:
Highly Adaptive . Biological
Energy-Efficient G Resilience Systems
Computing

.
Devices & — 2
Circuits 5 S g S
4 S = a—
3 = o = -
S} < 2 © S -
— - - & &2 - =2 - = o
c o c (@] é
P 9 o) [ S
_ 0 G 2 8 > O 2
Materials & g = N O o o0 O cevrc on
H [
Functions 0= < o) @) a €3 ELECTRONICS
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