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"Principles of Scalable Data Management"

Relational databases (and related
technologies) are the core technology
used for managing data at scale

Our intention it to build solid foundations and look at the algorithmic principles
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Background of instructors: Wolfgang Gatterbauer

Background >
« PhD, Computer Science, Vienna University of Technology (2007) ‘ | .

e PostDoc, Database Group, University of Washington (2011) //—\

e Assistant Professor, Tepper School of Business @ CMU b& /)4 L

e At Khoury since 2017

Combining theory with database systems

J

? How to apply these principled to new data management problems?
e Inconsistencies & Trust
e Provenance & Explanations
e Uncertainty ("Probabilistic data")
« Graphs & Linear Algebra




Let's take turns

We call your name, please succinctly state:
1. What do you hope to get out of this course ©
2. What is your biggest fear for this course ®
3. Something interesting/ surprising about you

This helps us get to know each other better / helps me
understand your goals and expectations for the course




Foundations
of relational databases



Some "birth-years". When was SQL born?

e 2004: Facebook

e 1998: Google

e 1995: Java, Ruby

e 1993: World Wide Web
e 1991: Python

e 1985: Windows
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Disruptive Innovation

Performance

Sustaining technology: Listen to customers
Disruptive technology: Not market-driven!
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Source: Compiled from “The Innovator’s Dilemma” by Clayton Christensen, 1997.

Disruptive innovations are generally
not acceptable for the mass market
when they are introduced. Only the
fringes of the market pick up the

innovation in the first iteration

It performs worse in one or more
areas, but is typically simpler, more
reliable, or more convenient than
existing technologies.

It is less profitable than existing
technologies. Leading firms' most
profitable customers generally can't
use it and don't want it.

As the innovator continues to refine
their product the utility value to the
market increases

Its performance trajectory is steeper
than that of existing technologies.

Large organizations are
fundamentally incapable of
successfully bringing it to market.



iIPhone: Disruptive Innovation or not?

1: "Business Phones" 2: Laptops
Microsoft in 2007

Market Share of Personal Computer Brands

20%
@ asymco.com
Q4 2008 Est.
Q4 2011
B Q4 2011 Including iPad
15%
10%
5% i
0%
HP Acer Dell Lencve Apple

Source: http://www.youtube.com/watch?v=eywiOh Y5 U, http://www.asymco.com/2012/01/16/apple-is-the-top-personal-computer-vendor/
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What keyboards without keys can do...
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Sources: https://en.wikipedia.org/wiki/Swype, https://en.wikipedia.org/wiki/SwiftKey

In Feb 2016,
SwiftKey was
purchased by
Microsoft, for
250 MS

SwiftKey
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The keyboard of the future?

Sources: http://www.wired.com/2014/06/siri_ai/


http://www.wired.com/2014/06/siri_ai/
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Keyboards? Do we need text to communicate?

Sources: http://www.buzzfeed.com/benrosen/how-to-snapchat-like-the-teens (2/2016)
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Source: http://pluggedin.kodak.com/pluggedin/post/?id=687843
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SQL: some history

Dr. Edgar Codd (IBM)

— CACM June 1970: "A Relational Model of
Data for Large Shared Data Banks"
http://seas.upenn.edu/~zives/03f/cis550/codd.pdf

Standardized
— 1986 by ANSI: SQL1
— 1992: Revised: SQL2

* Approx 580 page document describing syntax and semantics

— Revised: 1999, 2003, 2008, ...
e Players

— Oracle (Relational Software), Microsoft, IBM, ....
e Every vendor has a slightly different version of SQL
e But the main commands are standardized
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Codd's (disruptive ?
Innovation

Source: EF Codd, "A Relational Model of Data for Large Shared Data Banks"
https://scholar.google.com/scholar?cluster=1624408330930846885

information Refrieval

P. BANEMDALE, Editer

A Relational Model of Data for
Large Shared Data Banks

E. F. Copn
TRV Hepeoreh Labareory, Sen Jose, Californda

Future wsers of lorpe dato boeks must be protected from
hoving ta know haw e dato i ergonized in the hine [
demal representation). A& prompilng sendce which sspplies
surch infomeation b ol a satbfocory sohdlon Activities of users
of tormicah crd sel spphieclicn programi showld ramain
wraffeched when the infemal representation of data is chonged
and avan when same aspech of B aakemal roprseniclion
o chorged, Chonges in dota representation will often be
noeded as o resdl of chonges In query, update, ond report
raffic and natural grawth in tha types of shared khormeation,

Exinting rosinfarantial, foem cfiod date systams previde usars
with frea-ilrechured fila or ilightly more genercl melwerk
models of the data. In Section 1, inodeguodes of these models
one discussed. A moded bosed on neory relations, a samal
form for dofo base relofions, ond the conospt of o universal
data siblonguage are ntroducad. In Secion 2, certain cpera-
fiorm en relotion (ot thon legicel infarence] are discused
ond applisd o the problsms of redundancy ond coneibency
In the wser's model

EEY WORDE AHD PHEASES  dofa bank, data boss, dafa sruchens, dalo
H of dafa, af dafa, ity
rdmdarey, fembisecy, Cgeposiye, join  reiressl lageeps, predoas

cakehe, srcariby, dolo Inbegrily
TR CATECOmES 370, 7Y, 474, 4.0, 413, 439

1. Relational Modcl and Mormal Form

I.1. TxrmomocTioN

This peper is sopcermed with the appliestion of ele-
mentary relation theory o aystems which provide shared
aeess to batpe banks of fonostted data, Exespt for o paper
by Childs [1], the priceipal applimtion of relntions ta dota
svatems hiss been to deductlve question-srewedne systems.
Levein and Maren [2] provide mememos referepes bo wock
in this ams,

In comfrmst, the problems trested here see thoss of doda
madependmoee-—the mdependenee of spplicstinn progmms
ad termimal activities from prowth in deta types and
changes in data representalion—and cerlain kinds of dola
eeprsistenay which are expected to become troublesome
even I mondedieetive avsteme,

Yohlume 13 f NMuambee §  Jone, 1970

The relaginnel view (or madel] of deks deseribed in
Seclion 1 appears Lo be superor n seversl mepests Lo he
graph or oetwork meded [, 4] presently in vogae for nna-
inferential systems, Tt provides & mesna of deseribing data
witl iba nutiursl stooetuns caly—thet & withoul superim-
posng any additinnel strrtere far machine representation
purpeses, Accondingly, 1t provides s base for a bigh level
dats lanpasge whish will yield maximal independence be-
twean programs ¢ the one hand and machine representa-
tirm and argarazsticn nf defa on the okher.

A further advantsge of the relaticool view is that it
forms & aund basds for testing dedvability, redundancy,
and enmsisteney of relatioms— these are disrussed in Seection
2. The petwnrk model, na the atber hand, has spaemed o
number of sonfuzions, not the least of which is mbsaking
the dervation of mannecticas for the derfwntion of rels-
tions [see remarks in Sortion 2 on the “connecticn trap'™ .

Funslly, the relational view permils s cleser evaluation
of the seope and logical limitstions of present formattod
data eysterns, and alze the relative merits (from a logical
standpaint | of rampeting represmeations of dats within o
single system, Exnmpls of this clearer pemspective arc
ciled in warious parie of this paper. Implemsalstons of
sygteme b0 nupqort the relational model are ont discussed.

1.2, Dava Drrmxpencixs 15 FPeesas Bvenoas

The provisinn of deta deseription tobles in rercntly de-
veloped informatbon gystems represents: & mejor advanes
towanl the gansl of dats independence |3, 6, 7). Such tables
facilitnte changing certain charmeteristies of the data repee-
sentuthon stoned o s dats bavk. However, the varety of
dafa represeniation charaeterziies which can be changed
witlensd logicolly dmpaieing seme appifsotim pramons (b
alill quite limitsd. Burther, the model of dats with whish
e2pre interaet i otill elottered with mepresentational prop-
wrtaes, purtimdarty in regard to the represtotstinn of enl-
leotions of dats (5 oppeeed to individwsl itene |, Thres of
the prinsipsl kinds of data dependendes whieh still need
tor bt removed are: crdering dependeces, indecing depend -
anien, and soses path depemdenes, To some 2yatems thisn
degendeniics sre not clearly separmble (b one anothe.

LE1. driening Dememdemee. Elemmts of dota in o
date bank may he stored inos wericty of ways, some involv-
g men comeern: for ordering, some permitéing cach element
to participate in one ordering caly, others parmaitting each
elemnent to participats in several orderings, Let ue sonesder
those mosting sysems which either roquime or permit dats
eemments to be slored in st Jessd one total orderng which 1=
clussly amsocisted with the berdware-determins] coderng
of addresses, For example, the reeords of & file conserming
portz might be stocsd in nseending order by part serisl
number. Euch systems noemelly pemsit applicstion. pen-
grams to sesume thad the order of presentasion of records
fram sueh & e B identiml to (or i o suborderng of ) the

Dommunbratans nf the ATM =27
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SQL and the relational model as standarad

EN-El K1 EN B2
I ]

Organization’s systems

Partner’s systems '

Source: "Information Systems: A Manager’s Guide to Harnessing Technology (book v1.4)," p.185, Gallaugher, 2012.
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Evolution of Sharks

Xenacanthus
(~ 280 million years ago)

Hybodus sp.
(~ 180 million years ago)

Source for picture on the right: http://themetapicture.com/evolution-it-makes-you-lose-friends/

{ C'mon, monl

_/El\ Yﬁu should

try thisl

]

Dudel Long
time no seel

No thoaks!
Thot looks

We should

coleh up

more oftenl

I dont think
we con be
friends anymore.
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Four Turing Award Winners

Charles Edgar Jim Michael
Bachmann Codd Gray Stonebraker
1973 1981 2004 2014

Seminal contributions made in Industry

20



Some example highlights



Joins in databases

Efficient multi-way join processing

e —0\
Qx.y.2) =é(x,y@z®>
Three plans

e RxS) T X =X
e SxT) xR N/FZ

e (TxR)XS -

Can we do better? © J/ &V
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Q, = R(A,B) X S(B,C) x T(A,C)

/1)
/// //////

/A

AN ~

Xac Xpc XaB
X \T X \ X \R
B A C
/ / /
R R T T

Query plans (correspond to variable
elimination orders)

R
RN
Query (hyper)graph Tree decomposition
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Q, = R(A,B) X S(B,C) x T(A,C)

N/\[X]
s
YA

R RA T

Using multiple query plans
O(n3/?)
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Generalizing Dynamic Programming

e DP: solves optimization problems that show the "optimal
subproblem property":

— an optimal solution for the problem needs to include optimal solutions to
any subproblem

— Forward pointer: algebraic properties that allow such "factorization"

e Assume you don't just want to find the optimal solution = top-1

— But you want to enumerate all solution. First best (top-1), then 2" best,
then 31 etc.

e Can you do thisin an "optimal time"? How do define "optimal"?

26



Parallel query processing by example: An Algorithm

« Stand up and think of the numbe(l /AG\?

e Pair off with someone standing, adﬁi yo/ur numbers together, and
take the sum as your new number “\

e« One of you shoul}s’mwn; the other should go back to step 2
/\\ ~—
~ /\

n N N\ _

1N« gl Couu™ S0 M

S UM
COUNT™

AVG =

.‘((@»ms I

(e (Che {2
W o

27



Parallel query processing: Scalability

Note and we come back to this later: you
performed some variant of message passing!

time to solve

log n
[

size of problem
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Graphs (Matrix Algebra)

(12)
=

4

0o (8)
NG

"How close" is each node to node 47

-> "Personalized PageRank"

o

O OO OO OO

0
0
0
1/3
0

0
0
0

Wcol

column-normalized

adjacency matrix

[0 1/31/31/3 0
/3 0 1/3 0
1/31/3 0 1/3 0

Linear algebra ©

0 0 00 0 0 O
0 0 0140 0 0 O

0 0 00 0 0 O

/3 0 /30 140 0 0 0 0 0 O
0 1/3 0 1/21/21/4 0 0 0 O

0 0140120 0 0 0 O

0 0 1/41/2 0 0 0 0 0 O

0 0140 0 0 12 0 1/3 0

0 0 0 0 0140130 0

0 0 0 0 0 0 12 0 1/31/2

0 0 0 0 0140 1/3 0 1/2

0 0 00 0 0 0 1/31/3 0
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A problem where algeﬁbra give surprising speed-ups

Graph & seed labels

Prob 1: Propagating arbitrary compatibilities

Given:

Find:

< eseed labels

_* compatibilities H

{ * remaining labels

[ e undirected graph W |

J\

H=

Compatibilities
\l 057

0.

0.2

/I .

/

2=1

Prob 2: Learning & prop. compatibilities

Given

Find

No more heuristics!
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What is the overhead of compatibility estimation?

d=5,h=8
= I%sec/lOCt),k edges Propagation scales linearly with
107 e graph size (number of edges)
316

— 2 '/
o 10
&
— 10°
=
= 109 ;
= _

10_1€

1072

102 103 10* 105 10® 107 108
Number of edges (m)
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What is the overhead of compatibility estimation?

d=5,h=8
[ I}iselélzll(%ok edges Propagation scales linearly with
1073 _Proopg;ation graph size (humber of edges)
: 316
— 2 d
o 10
&
— 10?
=
= 109 ;
= _
10_1€
10721

102 103 10* 105 10® 107 108
Number of edges (m)
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What is the overhead of compatibility estimation?

Time [sec]

d=5,h=8
] ----- 1sec/100k edges
103 - m=@== DCEr
HO|dOUt . )\ ’//,.
] = Propagation 316
102 B8O77x
101
100 1
10711
1072 -

102 103 10* 105 10® 107 108
Number of edges (m)

Propagation scales linearly with
graph size (humber of edges)

Our estimation is *faster™ then
inference (> 10 times faster)
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What is the overhead of compatibility estimation? Basically for free!

Time [sec]

d=5,h=8
] ----- 1sec/100k edges
103 - m=@== DCEr
HO|dOUt . N ’//,.
| mmm Propagation 316
102 | 18077X
101t
10° -
10714
1072

102 103 10* 105 10® 107 108
Number of edges (m)

Propagation scales linearly with
graph size (humber of edges)

Our estimation is *faster™ then
inference (> 10 times faster)

It is basically for free. No more need
for heuristics or domain experts!
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"Factors"

%)(

@mf) =

Assume for each course, we can independently choos

and a book. Can we represent this table more compactly?

Classes

Course Lecturer Book

cs3200 | Rene&) | Complete bogk

cs3200 Wolfg%.g Complete bogk ‘

cs3200 Rengg Cow book @I

cs3200 Wolfg@ng Cow book y’?
Lecturer
Course Lecturer

= cs3200 Renee N

cs3200 Wolfgang

Y4 { e+ 4]

lecturer

Book

Course Book

cs3200 Complete book
cs3200 Cow book

35



How to deal with cut-offs when binning

< Time
e These are the true points that you )663 1

would get if you could run the
experiments long enough. | Qoix —t (o))
— Assume loglog scale o ')
« However, we can't and thus in O, _ o o
practice cut-off the experiments after O i
some time. lowp — o o0 o © Time
« Thereis an overall trend, yet some 0 O O O O cut-off
variation for each experiment. We o — o o ') O O
would still like to capture the trend o O
with some smart aggregations 3 O O
{ e O
@) @)
\ = o
\ \\ \ \ ‘\ ! > Size

)
o
O
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How to deal with cut-offs when binning

Here is what the aggregate would
look like like if we could get all points
and then aggregated for each size

Time
o)
@) @)
e O
') O //:) Time
o O o O cut-off
o O °© 0
o o ©
O O
@) O
o)
> Size
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How to deal with cut-offs when binning

Here is what happens if we throw
away all those points that take longer
than the cut-off, and only average
over the "seen points"

What would you do?

Time

4

A

o O

O
O
O
O

O ;%g'.s

Time
cut-off

> Size
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Logistics



Coursework/Evaluation

50%: Course project: The main component of this course will be a research project in the latter part of this class. This project can
be a new application of one of the techniques presented or theoretically-oriented. The topic will be flexible, allowing students to
explore scalable data management and analysis aspects related to their PhD research. This will involve an initial project proposal,
an intermediate report, a project presentation and a final report. The final report should resemble a conference paper, and will be
evaluated on the basis of soundness, significance, novelty, and clarity. Deliverables and dates are posted on the project page.

20%: Class scribes: Students take turns in "illustrating” (to be consistent with standard notation we refer to it as "scribing") 3-5
lectures. Graduate theory classes often ask students to scribe the lecture content. Yet since this course provides well-curated
lectures slides, we change the rule of the game in this graduate course. Rather than scribing (repeating and summarizing) the
content of the class, the students are asked to "illustrate" the covered topics with imaginative and ideally tricky illustrating
examples. Those in turn can help other students practice and solidify their understanding of the class material. Scribes are due 1
week after class at midnight (Tue for Tue classes, Fri for Fri classes) and can be done individually or in teams of two. If you work
in teams of two, you are expected to illustrate classes more often. We have a signup sheet in Piazza. You can either use
PowerPoint or Latex. For PPTX, please use our PPTX template and share your file with me via the Share option in PowerPoint
after you are logged in with your Northeastern email. For Latex, please use our Overleaf latex template and share your write-up
with me on Overleaf.

15%: Three assignments: We have three assignments in the first part of this class. Like research projects, assignment solutions
must be typeset in LaTeX.

15%: Class participation: Classes will be interactive and require participation of the students in class (discussing contributions or

shortcomings of algorithms covered, small group break-out sessions with exercises). The class provides extensive readings for
those interested, yet those are optional unless otherwise stated in class.

Source: https://northeastern-datalab.github.io/cs7240/sp21/ 44
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The year 2000 imagined in 1900

a1

ot LTS8 20
1

A aliaﬁh‘ig;c__i_gi W

At school

Source: http://5.mshcdn.com/wp-content/gallery/the-year-2000-as-imagined-in-1900/future.jpg
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Lectures are not recorded

If gaps in knowledge are the seeds of curiosity, exploration is the
sunlight. Hundreds of studies with thousands of students have
shown that when science, technology and math courses include
active learning, students are less likely to fail and more likely to
excel. A key feature of active learning is interaction. But too many
online classes have students Iisteni‘ng to one-way monologues
instead of having two-way dialogies. Too many students are sEting
in front of a screen when they could be exploring out in the world.

Source: https://www.nytimes.com/2020/09/07/opinion/remote-school.html
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A suggestion on how to best use class time!

« Itis ok to make mistakes in class. Making mistakes in class is the best thing
that can happen to you. You learn and will never make it again.

— "Create a Culture in Which It Is Okay to Make Mistakes and Unacceptable Not to Learn
from Them" ... "Recognize that mistakes are a natural part of the evolutionary process.'
... 'Don’t feel bad about your mistakes or those of others. Love them!"
Ray Dalio. Principles. 2017

PRINCIPLES

Source: https://www.principles.com/ 47
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Why | don't post slides *before* lecture

From the Preamble of one of the best physics books: ,,How to read this book”

Source: "Thinking Physics: Understanding Practical Reality”, Lewis Carroll Epstein, 1979-2009. http://www.amazon.com/Thinking-Physics-Understandable-Practical-Reality/dp/0935218084
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The "Surfer Analogy" for time management

Source: http://stwww.surfermag.com/files/2013/10/Yak Charlie-970x646.ipg
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Other Thoughts

is important in this class. If you spot any errors
or inconsistencies across slides/web page, typos (even if minor) do
let me know! | appreciate

e Please keep your webcams on

e You can check last year's slides (topics 1-2 are online), but they will
be updated this year

e Project topics: do look also through the topics later in class
— Individual project (except in rare circumstances)
— But you should work together on everything else in the class!
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Study groups are great for learning materiall

e "...The groups of students who were doing best spontaneously
formed study groups...

e Students who were not doing as well tended to do as the instructor
suggested-study two hours out of class for every hour in class-but
did it by themselves with little social support...

« ... even well-prepared students (high math SATs) are often
disadvantaged by high school experiences that lead them to work
alone."

Source: Craig Nelson, Dysfunctional lllusions of Rigor: Part 1 - Basic lllusions, http://cgi.stanford.edu/~dept-ctl/tomprof/posting.php?ID=1058
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Tools

« Website: calendar, links to optional readings

e Piazza: discussions, follow-up instructions beyond web page

e Overleaf & Latex: used for project deliverables (optional scribes)
« PowerPoint Office 365: recommended for scribes ("illustrations")

e Canvas: copies of some papers, due dates calendar, links to other
tools (Zoom, Piazza, Gradescope)

e Gradescope: submissions of homeworks

Let's look through the website (project topics)
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