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Project #4: TODAY @ 11:59pm
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FINAL EXAM

Who: You

What: http://cmudb.io/f17-final
When: Friday Dec 15th @ 5:30pm
Where: GHC 4401

Why: Because otherwise Joy and | call
your family over the break...
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FINAL EXAM

What to bring:

— CMU ID

— Calculator

— Two pages of handwritten notes (double-sided)

Optional:
— Spare change of clothes

What not to bring:
— Your roommate
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COURSE EVALS

Your feedback is strongly needed:

— https://cmu.smartevals.com

Things that we want feedback on:

— Homework Assignments
— Projects

— Reading Materials

— Lectures

CMU 15-445/645 (Fall 2017)
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EXTENDED OFFICE HOURS

Andy:
— Wednesday Dec. 13th @ 12:00pm-1.30pm

. @ & CARNEGIE MELLON
gMU 15-445/645 (Fall 2017) ..,-1 DATABASE GROUP


http://db.cs.cmu.edu/
http://15445.courses.cs.cmu.edu/

STUFF BEFORE MID-TERM

SQL

Buffer Pool Management
Hash Tables

B+Trees

Storage Models
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PARALLEL EXECUTION

Inter-Query Parallelism
Intra-Query Parallelism
Inter-Operator Parallelism
Intra-Operator Parallelism

CMU 15-445/645 (Fall 2017)
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EMBEDDED LOGIC

User-defined Functions
Stored Procedures

Focus on advantages vs. disadvantages
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TRANSACTIONS

ACID

Conflict Serializability:
— How to check?
— How to ensure?

View Serializability
Recoverable Schedules
|Isolation Levels / Anomalies

CMU 15-445/645 (Fall 2017)
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TRANSACTIONS

Two-Phase Locking
— Strict vs. Non-Strict
— Deadlock Detection & Prevention

Multiple Granularity Locking
— Intention Locks

B+Tree Latch Crabbing
Locks vs. Latches
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TRANSACTIONS

Timestamp Ordering Concurrency Control
— Thomas Write Rule

Optimistic Concurrency Control
— Read Phase

— Validation Phase

— Write Phase

Multi-Version Concurrency Control
— Version Storage / Ordering
— Garbage Collection
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CRASH RECOVERY

Buffer Pool Policies:
— STEAL vs. NO-STEAL
— FORCE vs. NO-FORCE

Write-Ahead Logging
Logging Schemes
Checkpoints

ARIES Recovery

— Log Sequence Numbers
— CLRs
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DISTRIBUTED DATABASES

System Architectures
Replication
Partitioning Schemes
Two-Phase Commit
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2015 - Top10 2016 - Top 10

MongoDB 32 MongoDB 33 | Google Spanner/F1 15 |
Google Spanner/F1 22 Google Spanner/F1 22 MongoDB 14
LinkedIn Espresso 16 Apache Cassandra 19 CockroachDB 10
Apache Cassandra 16 Facebook Scuba 17 Apache Hbase 9
Facebook Scuba 16 Redis 16 Peloton 8
Apache Hbase 14 Apache Hbase 15 Facebook Scuba 6
VoltDB 10 CockroachDB 12 Cloudera Impala 6
Redis 10 LinkedIn Espresso 1 Apache Hive 6
Vertica 5 Cloudera Impala 8 Apache Cassandra 5
Cloudera Impala 5 Peloton 7 LinkedIn Espresso 5
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A Distributed Storage System for Structured Data

Fay Chang, Jeffrey
Mike Burrows, Tushar Chandra, Ands

{fay njay, wilsonh kerr, m3b,tushar,fikes, gruber} @

Goagle, Inc.

Abstract

2 to real-time data
Bigtable has succe
solution for all of

of the refinements that v

mples of
nd discuss
up)

Megastore: Providing Scalable, Highly Available
Storage for Interactive Services

Jason Baker, Chris Bond Jame;C Corbett, JJ Furman, Andrey Khorlin, Jam
Jean-Michel Lé ei Li, Alexander Lloyd, Vadim Yushprakh

{suscnbaner , chr

ABSTRACT

Categories and Subject Descriptors
Distributed Systoms]: Distributed d

[Database Man

wed dotabases

General Terms
Reliability



https://research.google.com/archive/bigtable.html
https://research.google.com/pubs/pub36971.html

Google
Spanner
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GOOGLE SPANNER

Google’s geo-replicated DBMS (>2011)
Schematized, semi-relational data model.
Decentralized shared-disk architecture.
Log-structured on-disk storage.

Concurrency Control:

— Strict 2PL + MVCC + Multi-Paxos

— Externally consistent global write-transactions
with synchronous replication.

— Lock-free read-only transactions.

CMU 15-445/645 (Fall 2017)
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PHYSICAL DENORMALIZATION

CREATE TABLE users {
uid INT NOT NULL,
email VARCHAR,
PRIMARY KEY (uid)
s
CREATE TABLE albums {
uid INT NOT NULL,
aid INT NOT NULL,
name VARCHAR,
PRIMARY KEY (uid, aid)
} INTERLEAVE IN PARENT users
ON DELETE CASCADE;

Physical Storage

users(1001)

Lalbums(1001, 9990)

Lalbums (1001, 9991)

users(1002)

Lalbums (1002, 6631)

Lalbums (1002, 6634)

CMU 15-445/645 (Fall 2017)
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PHYSICAL DENORMALIZATION

CREATE TABLE users {

>

uid! INT NOT NULL,

+s

email VARCHAR,
PRIMARY KEY (uid)

CREATE TABLE albums {

uid| INT NOT NULL,

aid INT NOT NULL,
name VARCHAR,
PRIMARY KEY (uid, aid)

Physical Storage

users(1001)

Lalbums (1001, 9990)

Lalbums (1001, 9991)

users(1002)

Lalbums (1002, 6631)

INTERLEAVE IN PARENT users
ON DELETE CASCADE;

Lalbums (1002, 6634)

CMU 15-445/645 (Fall 2017)
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PAXOS

Consensus protocol where a coordinator
proposes an outcome (e.g., commit or
abort) and then the participants vote on
whether that outcome should succeed.

Does not block if a majority of participants
are available and has provably minimal

message delays in the best case.
— First correct protocol that was provably resilient
in the face asynchronous networks

CMU 15-445/645 (Fall 2017)
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PAXOS

Consensus protocol where a coordinator
proposes an outcome (e.g., commit or
abort) and then the participants vote on
whether that outcome should succeed.

Does not block if a majority of participants
are available and has provably minimal

message delays in the best case.
— First correct protocol that was provably resilient
in the face asynchronous networks

CMU 15-445/645 (Fall 2017)
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PAXOS

Commit Request

>

Application
Server

Proposer
A

“Node 1

CMU 15-445/645 (Fall 2017)
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PAXOS

Application

Server

CMU 15-445/645 (Fall 2017)
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PAXOS

Application

Server

CMU 15-445/645 (Fall 2017)
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Commit Request
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PAXOS
AR Commit Request
-
I
Application
Server
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PAXOS

Application

Server

CMU 15-445/645 (Fall 2017)
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Proposer
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Commit Request
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PAXOS

Application

Server

CMU 15-445/645 (Fall 2017)
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PAXOS
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MULTI-PAXOS

If the system elects a single leader that is
in charge of proposing changes for some
period of time, then it can skip the
PREPARE phase.

— Fall back to full Paxos whenever there is a
failure.

The system has to periodically renew who
the leader is.
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CONCURRENCY CONTROL

MVCC + Strict 2PL with Wound-Wait
Deadlock Prevention

Ensures ordering through globally unique
timestamps generated from atomic clocks
and GPS devices.

Database is broken up into tablets:

— Use Paxos to elect leader in tablet group.
— Use 2PC for txns that span tablets.

CMU 15-445/645 (Fall 2017)
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SPANNER TABLETS

’---------
ﬁ--------_/

Data Center 1 Data Center 2 Data Center 3
Leader
T e e e e T e e e e e ) NN, s b 4
Paxos Group
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SPANNER TABLETS

Writes + Reads
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SPANNER TABLETS
Snapshot Reads Writes + Reads Snapshot Reads

’ -----------------------------------
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: Data Center 1 Data Center 2 Data Center 3 :
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Other
SPANNER TABLETS

L4

Snapshot Reads Writes + Reads Snapshot Reads
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i = :
i

: Tablet I
! :
- i
- i
- i
- i
- i
- i
- :
: Data Center 1 Data Center 2 Data Center 3 :
\L Leader J
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TRANSACTION ORDERING

Spanner orders transactions based on

physical "wall-clock" time.

— This is necessary to guarantee linearizability.

— If T, finishes before T,, then T, should see the
result of T,.

Each Paxos group decides in what order

transactions should be committed

according to the timestamps.

— If T, commits at time, and T, starts at time,
where time, < time,, then T,'s timestamp should
be less than T,'s.

CMU 15-445/645 (Fall 2017)
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SPANNER TRUETIME

The DBMS maintains a global wall-clock
time across all data centers with bounded
uncertainty.

Timestamps are intervals, not single values

TT.now()

earliest latest
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SPANNER TRUETIME

The DBMS maintains a global wall-clock
time across all data centers with bounded
uncertainty.

Timestamps are intervals, not single values

TT.now()

earliest latest
<€ >
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SPANNER TRUETIME

Each data center has GPS and atomic clocks
— These two provide fine-grained clock
synchronization down to a few milliseconds.

— Every 30 seconds, there's maximum 7 ms difference.

Multiple sync daemons per data center

— GPS and atomic clocks can fail in various conditions.

— Sync daemons talk to each other within a data
center as well as across data centers.

CMU 15-445/645 (Fall 2017)
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SPANNER TRUETIME

Acquire Locks

hﬂ_
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SPANNER TRUETIME

Acquire Locks
Commit Timestamp S
s > TT.now().latest
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SPANNER TRUETIME

Acquire Locks

hl_
) ) 1

Commit Timestamp S Wait until
s > TT.now().latest TT.now().earliest > s
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SPANNER TRUETIME

Acquire Locks

hl_
) ) 1

Commit Timestamp S Wait until
s > TT.now().latest TT.now().earliest > s

<€ >

Commit Wait

average ¢ | average ¢
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SPANNER TRUETIME

Commit +
Acquire Locks Release Locks
Commit Timestamp S Wait until
s > TT.now().latest TT.now().earliest > s
< >
Commit Wait
average ¢ | average ¢
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GOOGLE F1 (2013)

OCC engine built on top of Spanner.

— In the read phase, F1 returns the last modified
timestamp with each row. No locks.

— The timestamp for a row is stored in a hidden
lock column. The client library returns these
timestamps to the F1 server.

— If the timestamps differ from the current
timestamps at the time of commit the
transaction is aborted.

CMU 15-445/645 (Fall 2017)
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F1: A Distributed SQL Database That Scales

Jeff Shute Radek Vingralek ~ Bart Samwel Ben Handy
ad Whij Eric Rollins Mircea Oancea Kyle Littlefield
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GOOGLE CLOUD SPANNER
(2017)

Spanner Database-as-a-Service.
AFAIK, it is based on Spanner SQL not F1
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Spanne

: Becoming a SQL System

David F Bacon Nathan Bales Nico Bruno Brian F. Cooper Adam Dickinson
Andrew Fikes ~ Campbell Fraser  Andrey Gubarev  Miind Joshi  Eugene Kogan
Alexander Lloyd  Sergey Melnik  Rajesh Rao  David Shue  Christopher Taylor
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Dale Woodford

Google, Inc

ABSTRACT

Spanner is a globally distribwied dufa mamgemeal sysiem thal
biacks. hudreds of mission-rtical services ai Google.  Spannee
s built o ideas from both the systems and database communi-
ties. The first Spasser paper peblished at OSDI' 12 foeused on the
systems ipects such a scalability, sutomatic sharding. fault wol-
erance, consistent replication, external comistency, and wide-sres
dissribanion. This papcr hightights the dutsbase DNA u-tp.m.

s pupe, we o o he b sy spects of S
in pasticular how query execution has evelved and forced the
af Spanner to evolve. Mot of these changes have occurred since
151 was writien, and in many ways tday’s Spanner is very diferen
from whae was described there

A peime mexivation for this cvolution torwards  more “database-
lke spsemn s dfen by e xperienesof Google deshpery
wrying o buikd o previous Seuge sysiems. The pro-
l\ilq"l\\n’\)w.m Bigtsble [4]. whish

ey execution in ahard-

g, ey resants upon Sarwient e, range xtrachon st
e ek, and

columnar storage format. We touch upon migrating Spanner 1o the

common SQL dislect shared with ather systems at Goegle.

INTRODUCTION

Google's S panier 5] staried out a3  key-vale stone offering it
ramsactiom, external consisiency. and iuempares

s dmrs, O e pas 7y i b o e
onaldatabase system. 1 thal time we lave added o

i sk e SO, ey s et e e
Inially. some of these dalabiee festures were “bolied ca” — lhe
0t versiom of our query system used Bigh-level APls almst like
am exicrnal applisaticn, and is design did no1 kverage many of the
unigque feiuees of the Spaneee serage archisecture. Howeser, i
we have developed the sysem, the desie to make it hefave moce
ke & maditcnsl dabioe has forced the sysiem 10 cvolve, In pre-

& The aschitecture of the distributed storage stack has driven
Fundamental changes in e query compilation and cxccu-

o 5 i e f Google 3 vy ol i

ve, developers of mmy OLTP applications found it
it v s g bk et bem
tem, cross.rom mnsactions, consiieat replication and 3 pawerl

tial response 10 these difficuli

sl wransaction processing sysiems on op-of Bigtable: an exani-
ple is Megasiere (2], Whilk these sysiems provided some of the
beefits of database system, they lacked nsany Uaditions] dtsbase

complex code 10 process and aggregate the dala in their applica-
tions, Ax a result. we decided 1o tum Spamser into 3 full featured
SQL system, with query execution tighily integrated wilh the oter
anchitectural features of Spa

habal replication)

data, am included  federsted query processoe that could access
‘Spanaes and other data soutces.

“Tosday. Spani is widly used as an OLTP database managermeit
sysiem fox siructured data at Google. and is publicly available i
heta s Clow] Spanner on the Goagle Cloud Plaform (GCF), Cur-
renily, cver 5,000 databases rum in our prodactn insiaaces, and
ane used by feanms acros sy parts of Google and it parent coar-
iy Alphabet. This data is the “source of truth” for a variety of

tien, and
‘» The demands of the query Have driven fundamental
changes in the way we siore and manage data,

These changes have allowed us fo preserve the massive scala-
bility of Spanner, whils offering susiamers o powerful platform for

appl
architectune and daia sl soncureency medel of Spanner 3], In

il dl s e o 0
st rebyale s w4k e
cmihe g, Cop e o oy o e o e b

ek e 0
harid

incl. AdWords. One of cur lrge
e 1 e Goghe Play platfor, ahich eaceacs SQL. qucie

pange customer purchases and accourts. Spanne serves Less of
mallons of QPS acruss al of it databases, muaging hundreds of
petabyics of daia. Replicss of he daia are servod from duacensers
arcund the waeld to provide ko latency o scatered cliens. De-
spie this wide replcation, the sysicm peovides tamsaciional con-
sistency and stongly consisen replcas, a well s high availbil-
ity The dasbase feamres of Spner, operating at this massive
scale, make i an atracive platform for new developaneat as well
a1 migration of spplications from existing dala stoes. expecially
for “big” customens with Jots of dala and large workloads. Even
“small” custormers benelit from the robust dalahuse festure, strong

" ipiclond google conyspant
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.mongoDB
MONGODB

Document Data Model
— Think JSON, XML, Python dicts
— Not Microsoft Word documents

Different terminology:
— Document » Tuple
— Collection » Table/Relation
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BCNF EXAMPLE

A customer has orders and each
order has order items.

Customers

|

Orders

|

Order ltems
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.mongoDB
BCNF EXAMPLE

A customer has orders and each
order has order items.

Customers | ® R,(custId,name,...)

| <
Orders ®» R,(orderId,custId,..)
| <

Order ltems | = R,(itemId,orderld,...)
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BCNF EXAMPLE

A customer has orders and each

order has order items.
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Customers

|

Orders

|

Order ltems

Customer

. mongoDB
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BCNF EXAMPLE

A customer has orders and each

order has order items.
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Customers

|

Orders

|

Order ltems

Customer

| Order

. mongoDB
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.mongoDB
BCNF EXAMPLE

A customer has orders and each
order has order items.

Customers | = | Customer |
q ]
l’ | Order
Orders = Order ltem
l 8 Order ltem
Order Items | = —
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.mongoDB
BCNF EXAMPLE

A customer has orders and each {
order has order items. \custld®: 1234,
custName": "Andy",
"orders": [
Customers - { "orderId": 9999,
"orderItems": [
l { "itemId": "XXXX",
"price": 19.99 },
Orders =» { "itemId": "YYYY",
l’ "price": 29.99 },
13}
Order Items | = . ]
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.mongoDB
QUERY EXECUTION

JSON-only query API

Single-document atomicity.

— OLD: No server-side joins. Had to "pre-join"
collections by embedding related documents
inside of each other.

— NEW: Server-side joins (only left-outer equi)

No cost-based query planner / optimizer.
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.mongoDB
Distributed Architecture

Heterogeneous distributed components.
— Shared nothing architecture
— Centralized query router.

Master-slave replication.

Auto-sharding:

— Define 'partitioning' attributes for each collection
(hash or range).

— When a shard gets too big, the DBMS
automatically splits the shard and rebalances.
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.mongoDB
MONGODB CLUSTER

ARCHITECTURE Shards (mongod)

Router 'P.2’
(mongos) |-
Router v

I

AR (mongos) S

o T

T ~
Application

SEYEL Config Server
(mongod)
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.mongoDB
MONGODB CLUSTER

ARCHITECTURE Shards (mongod)

C
P2

~

Router

(mongos)

Router

I

AR (mongos) -
ZZa P4 -
T ‘-’
—_~
Application
Server
Config Server |JEEORELY

(mongod) P2->ID:101-200

. P3>ID:201-300

P4->ID:301-400
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.mongoDB
MONGODB CLUSTER

ARCHITECTURE Shards (mongod)

C
P2

~

Router

(mongos)

Router

I

AR (mongos) -
ZZa P4 -
T ‘-’
—_~
Application
Server
Config Server |JEEORELY

(mongod) P2->ID:101-200

. P3>ID:201-300

P4->ID:301-400
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.mongoDB
MONGODB CLUSTER
ARCHITECTURE Shards (mongod)

Router -
(mongos)

P2

.
Router v

(mongos)

|

AR
Iz "
Iz
Iz

((

P1>ID:1-100

Application
P2»>ID:101-200
P3->ID:201-300

Server
Config Server
(mongod)
: P4>1D: 301-400
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.mongoDB
STORAGE ARCHITECTURE

Originally used mmap storage manager
— No buffer pool.

— Let the OS decide when to flush pages.

— Single lock per database.

Version 3 (2015) now supports pluggable

storage managers.
— WiredTiger from BerkeleyDB alumni.

WIRED
http://cmudb.io/lectures2015-wiredtiger TI G E R
— RocksDB from Facebook (“MongoRocks”) 3

http://cmudb.io/lectures2015-rocksdb J RocksDB
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ANDY'S CONCLUDING
REMARKS

Databases are awesome.
— They cover all facets of computer science.
— We have barely scratched the surface...

Going forth, you should now have a good
understanding how these systems work.

This will allow you to make informed
decisions throughout your career.

— Both MySQL and Postgres are getting really good...

— Avoid premature optimizations.
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