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Algebra and the connection to logic and queries

* Algebra

* Relational Algelbra
— QOperators
— Independence
— Power of algebra: optimizations

» Equivalence RA and safe RC (Codd's theorem)
- RA - RC
- RC — RA



What is “Algebra”?

« Algebra is the study of mathematical symbols and the rules for

manipulating these symbols

- e.g., Linear Algebra

— e.g., Relational Algebra

- e.g., Boolean Alge
- e.g., Elementary a
- e.g., Abstract alge

ora
gebra

Ora

(groups, rings, fields, ...)

Picture source: https://en.wikipedia.org/wiki/Algebraic_expression

21 2
} 5 !
3x*—2xy+c
3 4 3 4 5
1 — Exponent (power), 2 — coefficient, 3 — term, 4 — operator, 5 — constant,
Z,Yy - variables

Also watch "What is abstract algebra?", Socratica, 2016: https://www.youtube.com/watch?v=IP7nW_hKB7I
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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What is “Abstract Algebra”? <y
Y

« Abstract algebra: studies algebraic structures, which consist of:

— A domain (i.e. a set of elements) )i C
— A collection of operators (acting on operands) Xey
» each of arity d; maps a domain of sequences (xy,...,X4) to an element y of its codomain (usually that is also the domain)

— Aset of axioms (or identities) that these operators must satisfy.
* e.g.commutativity: x@yz=y@®x or D(xy)=D(y,x) or op(xy)=op(yx)

« Examples:
— Boolean algebra: ({true,false},{A,V,-})

Ring of integers: (z,{+, : . : : : . :
& _ gers: (Z it} ~— rivg: set edquipped with +wo binary operations with certain
~ Relational algebra properties like distributivity of multiplication over addition

« The definition of an operator allows for composition:

- e.g. op1(opz(X),opl(v,opr,Z)))

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Function composition

INPUT
x=3

¥
(
FUNCTION f:
xz

) )\ ouTPUT
fix)=9
INPUT j{

FUNCTION g:
x+1

%
OUTPUT
9(f(x))=10

Sources: https://www.coursehero.com/sg/college-algebra/composition-of-functions/, https://upload.wikimedia.org/wikipedia/commons/2/21/Function_machine5.svg,

x=3
Input $

gx)=5x+9

¢ Output
9(3) =24
Input $
f(x) =100 - 3x

$ Output
f(g(3)) = f(24) = 28

f(g(x)) = f(5x + 9)
=100 - 3(5x +9)
=100 - 15x - 27
=73 - 15x

f(g(3)) =73 - 15(3)
=73-45
=28

function

fog
function

004 [7]/0t

function

f

D

[f o gl(x) = f1g(x)]

Let's find FoG(x) of two example equations:

f(x)=x+2

Whatis | f © g](x)?
[/ ogl(x)= flg(x)]
[/ ogl(x)= f[x*+1]
[fogl(x)=(x"+1)+2
[fogl(x)=x"+3

g(x)= x*+1

https://en.wikibooks.org/wiki/Algebra/Functions , http://www.statisticslectures.com/topics/compositionoffunctions/

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Distributivity = efficient factorization

what is the shortest f?
path from s to +7

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 6
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Distributivity = efficient factorization

min[a+d,a+e,a+f,a+g, .., c+g]

Min[3+2, 2+4, 3+7, 2+9, ..., 0+5]

?

What is the shortest
path from s to +7

Answer: 5 =73 + 2

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 7
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Distributivity = efficient factorization

min[a+d,a+e,a+f,a+g, .., c+g]

Min[3+2, 2+4, 3+7, 2+9, ..., 0+5]

=min[a, b,c] + min|[d, e, f g]
min(3,5,] + min(2,4,7,9]

What is the shortest

path from s +o 17
min[x,yl+z = min[(x+2), (y+2)]

Answer:5=3 + 2 (+ distributes over min)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Distributivity = efficient factorization

(Tropical sewmiring) — — _ _
. Semiring (IR°°,min,+,°<>,O) Erlnuple'ofoptlma.llt.y.from Dynamic Erggrammlng:
irrespective of the initial state and decision, an optimal
solution continues optimally from the resulting state

min[a+d,a+e,a+f,a+g, .., c+g]

Min[3+2, 2+4, 3+7, 2+9, ..., 0+5]

=min[a,b,c] + min[d, e, f g]
min[3,5,6]1 + mn[2,4,7,9]

What is the shortest

path from s +o +7
min[x,yl+z = min[(x+2), (y+2)]

Answer:5=3 + 2 (+ distributes over min)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Distributivity = efficient factorization

How mawy paths are ?
there from s to +7

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 10
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Distributivity = efficient factorization

How mawy paths are
there from s to +7

Answer: 12 =3 - 4

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Distributivity = efficient factorization
(Ring of real numbers)

e Semiring (R,+,-,0,1)

count[a-d,a-e,a-fa-g, .. c-g]
commt11, 11,11, 11, .., 11]
12
= count[a, b, c] - count [d, e, {, g]
cont (1117 - comnt[1A1N]

How mawny paths are
there from s to +7

+[X/\'i] T = +[X'Z’/\'('Z‘]
Answeri12 =73 - 4 (- distributes over +)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Distributivity = efficient factorization

e Semiring (S,P,X,0,1) Sewirings generalize this idea

Pla®d, a®e, a®f, ag, ..., cXg]

=®la, b, c] ® ©Dld, e, f g

Dxy] ze=OxRzyRz]
(K distributes over @)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Matrix multiplication

A Adjacency matrix, or Arcs
think of dots as ""s

1 2 in-vertex
1234567
1 ) o
2 ) ()
)
4 5 £l 3 °
?40 ®
§5 Y
6 o
6 7 o 00

How mawny paths of
length 2 are there ?

from 7 to @7 "

Example graph taken from "Kepner, Gilbert. Graph algorithms in the language of linear algebra, 2011" https://doi.org/10.1137/1.9780898719918
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 14
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Matrix multiplication
A Adjacency matrix, or Arcs

in-vertex in-vertex
A1234567 A1234567
1 o o 1 o o
ot 2 ® ® ol 2 ® °
2 3 ° 2 3 ®
A dle o @ A dle o
‘g 5 ° ‘g 5 O
6 ) 6 )
7 ® 7 ® 0o 0
matrix
multiplication

How mawny paths of
lengthh 2 are there
from F to @7

Example graph taken from "Kepner, Gilbert. Graph algorithms in the language of linear algebra, 2011" https://doi.org/10.1137/1.9780898719918
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Matrix multiplication
A Adiaceney matrix, or Arcs  ouly diagonals and

F—G@ are showw

How mawny paths of
lengthh 2 are there
from F to @7

Example graph taken from "Kepner, Gilbert. Graph algorithms in the language of linear algebra, 2011" https://doi.org/10.1137/1.9780898719918

in-vertex in-vertex in-vertex
A 2 34567 A12345 A1234567
1 ) ) 1 ) ) 11
9 2 ° ) 9 2 ° 9 2
23 ° 2 3 2 3 1
2 4 ° @ A dle o — 24 1
2 5 ) 2 5 3 5
6 () 6 () 6 1
7 ® 7 ® 00 7 (3/)
matrix =0:0+00+
multiplication 11

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Matrix multiplication
A Adiaceney matrix, or Arcs  ouly diagonals and

F—G@ are showw

in-vertex in-vertex in-vertex
A1234567 A1234567 A1234567
1 o M) 1 ) M) 11
9 2 ° ° 9 2 ° ° 9 2
2 3 ° 2 3 O 2 3 1
A dle o @ A dle o — 24 1
3| 5 ° 3| 5 O 3| 5
6 [ 6 () 6 1
7 ® 7 ® 0 0 7 2
matrix =0-0+00+
multiplication 11
How long is the "shortest 10+ + ..

path" (mivimal sum of
weights) from 7 to 7 "

Example graph taken from "Kepner, Gilbert. Graph algorithms in the language of linear algebra, 2011" https://doi.org/10.1137/1.9780898719918
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 17
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Matrix multiplication
A Adiaceney matrix, or Arcs  ouly diagonals and

Neutral element oo instead of O 76 are shown
in-vertex in-vertex in-vertex
1234567 Ai12345[67 Ai1234567
1l e @ 1 o o d\ 1[e
.« 2 o o o 2 o o 2
2 3 ® 23— |2 2 3 °
A dle o SNale o 2 4
HINs B e U E
L [
7o 2 e a7 | 7 e o o | 7 \5/
M = My [ 00+00, 00+00,

+00, 4+9, ...

How lowng is the "shortest
path" (mivimal sum of
weights) from 7 to 67

Example graph taken from "Kepner, Gilbert. Graph algorithms in the language of linear algebra, 2011" https://doi.org/10.1137/1.9780898719918
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 18
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The Relational Algebra

Company
° H cid |CName StockPrice [Country
In the relational algebra (RA) the elements are e o
— Arelation is a schema together with a finite set of tuples - menen s Japen
itachi 15 Japan
« RA has
— Unary: projection, selection
— Binary: union, difference, Cartesian product
« Each of the 5 is essential or " ": we cannot define it using the others

- We will see what exactly this means and how this can be proved

In practice, we allow many more useful operators that can be defined by the primitive ones
(thus also called )

— For example, equi-joins via Cartesian product and selection

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 19
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RA vs other Query Languages (QLs)

« There are some subtle (yet important) differences between RA and
other QLs. In RA, ...

— ... can tables have records?

?

— ... are missing ( ) values allowed?

?

— ... isthere any among records?

?

— ...i1s the answer dependent on the from which values are taken (not
just the database at hand)?

?

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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RA vs other Query Languages (QLs)

« There are some subtle (yet important) differences between RA and
other QLs. In RA, ...

— ... can tables have records?
 (RAvs. SQL)
— ... are missing ( ) values allowed?
 (RAvs. SQL)
— ... isthere any among records?
 (RAvs. SQL)
— ...i1s the answer dependent on the from which values are taken (not

just the database at hand)?
 (RA vs. unsafe RC)

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Recall: Virtues of the relational model

"Separation of concerns": physical/logic independence, declarative language

« Simple, elegant clean: Everything is a relation

« Why did it take multiple years to make it happen?
— Big doubts it could be done efficiently.

5“‘3"‘)”2;"4 System R is a database system built as a

_ research project at IBM San Jose Research
(now IBM Almaden Research Center) in
the 1970's. System R introduced the SQL
language and also demonstrated that a
g relational system could provide good

R Ty transaction processing performance.

Year reunion:

E| Q
LSYSTEMSQLSYSTEMSQLSYSTEMSQLSY"

again in System R and in Eagle, the big project at Santa
Teresa. Nevertheless, what kicked off this work was a key
paper by Ted Codd — was it published in 1970 in CACM?

Mike Blasgen: Yes.

Irv Traiger: A couple of us from the Systems Department
had tried to read it — couldn’t make heads nor tails out of it.
[laughter] At least back then, it seemed like a very badly
written paper: some industrial motivation, and then right
into the math. [laughter]

Bob Yost: I went over there with several other people — I
was in the Advanced Systems Development Division — I
remember going over there in about 1970 to see this because
we were working with the IMS® guys at the time. We
couldn’t believe it; we thought it’s going to take at least ten
years before there’s going to be anything. And it was ten
years. [laughter]

Irv Traiger: So we had this 1970 paper; there were a
couple of other papers that Ted had written after that; one
on a language called DSL/Alpha’, which was based on the
predicate calculus. Glenn Bacon, who had the Systems
Department, used to wonder how Ted could justify that
everybody would be able to write this language that was
based on mathematical predicate calculus, with universal
quantifiers and existential quantifiers and variables and
really, really hairy stuff.

See also: "The 1995 SQL Reunion: People, Projects, and Politic", edited by Paul Mclones 1997. https://www.mcjones.org/System R/SQL Reunion 95/index.html

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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RDBMS Architecture

« How does a SQL engine work ?

\%

SQL
Query

' \Declarative

query (from
user)

Relational Alg@lam allowé us to translate declarative

(SQL) gueries into

=)

e

Algebra (RA)

-

Relational

Plan y

Translate to

relational algebra

expression

=)

4 N

Optimized
RA Plan

o )

Find logically
equivalent- but
more efficient- RA
expression

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

ecise and optimizable expressions!

=)

4 N

Execution

o /

Execute each
operator of the
optimized plan!

23
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Algebra and the connection to logic and queries

* Relational Algebra
— QOperators

24



Relational A|gebra (RA) Qperators All operators take in 1 or more
relations as inputs (operands)

and return another relation

« Five basic operators:

Selection: ¢ ("sigma") Two perspectives:
Projection: I * waivly named perspective, where every attribute
Cartesian Product: x must have a unigue nwame, thus attribute order does

Union: U not matter. €.9. "RA=4" same for R(A,B) or R(B.A)
* contrast with vectors: €.9.R(X,y), x=4

Difference: —

Lk w e

« Auxiliary operators (sometimes counted as basic):
« Extended RA

1. Duplicate elimination 6

6. Renaming: p ("rho")
e Derived

7. Joins < (natural, equi-join, theta join, semi-join) 2. Grouping and aggregation y

8. Intersection / complement 3. Sorting T

9. Division RDBMSs use multisets (bags),
\ however in RA we will consider sets

Relational difference R-S can also be written as R\S like set difference. "-" is used e.g. by [Silberschatz+'20], [Ramakrishnan+'03], [Garcia-Molina+2014], and [Elmasri+'15]
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 25
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Relational Algebra (RA) operators extending classical Set Theory

Traditional Specific
operators operators
RUS (union) dnard | gg(R) (selection) unar

R — S (difference)

operators RXS (Cartesian prod.) m4(R) (projection)
R » S (join)
Commtatne (o mmmamed inwamed oo | R X S (semi-join)
https://en.wikipedia.org/wiki/Cartesian_product L
Derived R = S (anti-join)
operators RNS (intersection) R = S (division)
mra)(R) (extended projection)
0 (R) (duplicate elimination)
Extended (R) (grouping and aggregates)
operators Y A,agg(B) grouping geresg

T4(R) (sorting)
R><S (outerjoin)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 26
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Relational Algebra (RA) operators

« Five basic operators:

1. Selection: ¢ ("sigma")
2. Projection: I

28



1. Selection (O') Employee(ssn, name, salary)

o Returns all tuples which satisfy a

condition
_ SQL:
« Notation: o_(R) SELECT *
« Examples FROM  Employee
— Employee(ssn, name, salary) WHERE salary > 40000

~ Osalary > 40000 (Em ployee)

~ Ohname = “Smith” (Employee) @

« The condition c can be comparison RA-
predicates =, <, £, >, >, <>
combined with AND, OR, NOT ?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 29
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1. Selection (o)

Employee(ssn, name, salary)

o Returns all tuples which satisfy a
condition

« Notation: o_(R)

« Examples
— Employee(ssn, name, salary)
=~ Osalary > 40000 (EMployee)
= Opame = “smith” (EMployee)

« The condition c can be comparison
predicates =, <, £, >, >, <>
combined with AND, OR, NOT

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

S5QL:

SELECT *

FROM Employee
WHERE salary > 40000

RA: @

Osalary > 40000(Employee)

30
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1. Selection example

Employee
SSN Name Salary
1234545 John 20000
5423341 Smith 60000
4352342 Fred 50000

Osalary > 40000 (EMployee) @

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 31
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1. Selection example

Employee

) SSN Name Salary .
{('\A 1234545 John 20000 |,

( 5423341 |  Smith 60000 |,

(4352342 Fred 50000 ]

Osalary > 40000 (EMployee) @

SSN Name Salary
5423341 Smith 60000
4352342 Fred 50000

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 32
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2. Projection () Employee(ssn, name, salary)

e Eliminates columns, then removes
duplicates (set perspective!)

SQL:
- Notation: 7y, an(R) SELECT DISTINCT name, salary
« Alternative: mg; g,(R) FROM Employee
"project away" operator (wot stavdard)
« Example: project on social-security @
number and names:
RA:

— Employee(ssn, name, salary)

— Tlssn, name (EMployee)
— OQOutput schema: Answer(SSN, Name) >

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 33
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2. Projection () Employee(ssn, name, salary)

e Eliminates columns, then removes
duplicates (set perspective!)

SQL:
- Notation: 7y, an(R) SELECT DISTINCT name, salary
« Alternative: mg; g,(R) FROM Employee
"project away" operator (wot stavdard)
« Example: project on social-security @
number and names:
RA:

— Employee(ssn, name, salary)

= Tss, name (EMPlOyee) Tname, salary (EMployee)

— OQOutput schema: Answer(SSN, Name)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 34
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2. Projection example

Employee
SSN Name Salary
1234545 Ciara 20000
5423341 Ciara 60000
4352342 Ciara 20000

Thame, salary (Employee)

U
?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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2. Projection example

Employee
SSN Name Salary
1234545 Ciara 20000
5423341 Ciara 60000
4352342 Ciara 20000
T hame, salary (Employee) @
Bag semantics
Name Salary
? Ciara 20000
O Ciara 60000

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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2. Projection example

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Employee
SSN Name Salary
1234545 Ciara 20000
5423341 Ciara 60000
4352342 Ciara 20000
wWhich semantics is ’?
TThame, salary (Employee) @ more efficient? :
Bag semantics
Name Salary Name Salary
Ciara 20000 Ciara 20000
Ciara 60000 Ciara 60000
Ciara 20000

37
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Composing RA Operators

Patient Patient
no |name |zip disease il> zip disease
1 p1 98125 flu 98125 flu
2 p2 98125 heart 98125 heart
3 p3 98120 lung 98120 lung
4 p4 98120 heart 98120 heart
isase-neart Patient) < L
Zip disease
98125 heart
98120 heart

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 38
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Composing RA Operators

Patient
no name |zip disease
1 p1 98125 flu
2 p2 98125 heart
3 p3 98120 lung
4 p4 98120 heart
Oscnce-neari(Patient) <L
no |name Zip disease
2 p2 98125 heart
p4 98120 heart

How do we call what we see on this page
[ the property of these two operators

Patient

)

O-disease=‘heart’ (

S

O-disease=‘heart’(Patient)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Zip disease
98125 flu
98125 heart
98120 lung
98120 heart

Patient)) @

Zip disease
98125 heart
98120 heart

39
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Composing RA Operators

"commuting operators'

Patient Patient
no name |zip disease Zip disease
1 p1 98125 flu j> 98125 flu
2 p2 98125 heart 98125 heart
3 p3 98120 lung 98120 lung
4 p4 98120 heart 98120 heart
Oscnce-neari(Patient) <L isase-neart Patient) < L
no |name Zip disease Zip disease
2 p2 98125 heart 98125 heart
4 |p4  |98120 | hear j> 98120 heart

O-disease=‘heart’(Patient)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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RA Operators are compositional, in general

Patient

no |name |zip disease Both RA expressions are
1 p1 98125 |flu logically equivalent ©

2 p2 98125 heart

3 p3 98120 lung

4 p4 98120 heart

0-disease=‘heart’ (T[zip,disease (Patlent))

SELECT DISTINCT zip, disease

Zip disease
FROM Patient j> 98125 heart

WHERE disease = 'heart’ 98120 heart

7-[zip,disease(o-disease=‘heart’(Patient))

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Logical Equivalece of RA Plans

R(A,B)

! Do projection & selection
a (0A=5 (R)) < Oa=s (nA (R)) commute v this example?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Logical Equivalece of RA Plans

R(A,B)

! Do projection & selection
a (0A=5 (R)) < Oa=s (nA (R)) commute v this example?

HB(JA=5(R)) (;) JA=5(7TB(R)) What about here?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Ves ©
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Logical Equivalece of RA Plans

R(A,B)

! Do projection & selection
a (0A=5 (R)) < Oa=s (nA (R)) commute v this example?

R(R)

?
g (JA=5(R)) & Oy-c (R)) What about here?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Ves ©

No ©
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Pre-class conversations

e Last class summary

e Please keep on pointing out any errors on the slides

 Itis time to start to hand in your first scribes (some ideas today)
e Project discussions (in 2 weeks: Fri 2/16: project ideas)

e today:
— we continue with relational algebra (RA)
— next week: equivalence of RA and *safe* RC (Codd's theorem)

e next time:
— Recursion (Datalog)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Commuting functions: a digression Side-topic

Wl

« Do functions commute with taking the expectation?
- E[f(x)] = f(E[x]) ?

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 47
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Commuting functions: a digression

« Do functions commute with taking the expectation?
- E[f(x)] = f(E[x]) ?

e Only for linear functions
— Thus f(x)=ax + b
- Elax+b]=a E[x] +b

« Jensen's inequality for convex f

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Side-to

o]

‘e’

C
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Commuting functions: a digression

« Do functions commute with taking the expectation?
- E[f(x)] = f(E[x]) ?
e Only for linear functions

Side-topic

1
— Thus f(x)=ax + b
- Elax+b]=a E[x] +b
« Jensen's inequality for convex f
- E[f(x)] = f(E[x])
e Example f(x) = x?
ple ix) 0.33
— Assume0<x<1 0.25
- f(E[x]) = f(0.5) = 0.25
f f( ) x31 0
- E[f(x)] = === 75, = 0.33 0 0.5

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Ratio of averages = average of ratios Side-to

 Assume you developed a new for creating "output" (the higher the better)
and want to experimentally compare it against a baseline variant "2".

* Your Professor suggests to compare the methods on two data points (Alice and Bob)
and report the AVG of their relative ratios. How does this sound? f?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 50
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Ratio of averages = average of ratios Side- toplc

 Assume you developed a new for creating "output" (the higher the better) %
and want to experimentally compare it against a baseline variant "2".

* Your Professor suggests to compare the methods on two data points (Alice and Bob)
and report the AVG of their relative ratios. How does this sound?

DATA (higher 1 is better):

Variant 1 | Variant 2 | Ratio Var?ant !

Variant 2
Alice 20 10 20/10="
Bob 10 20 10/20="

AVG =7?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 51
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Ratio of averages = average of ratios Side- toplc

 Assume you developed a new for creating "output" (the higher the better) %
and want to experimentally compare it against a baseline variant "2".

* Your Professor suggests to compare the methods on two data points (Alice and Bob)
and report the AVG of their relative ratios. How does this sound?

DATA (higher 1 is better):

Variant 1 | Variant 2 | Ratio Var?ant !
Variant 2
Alice 20 10 20/10=2
Bob 10 20 10/20=0.5

AVG =7?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 52
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Ratio of averages = average of ratios Side- toplc

 Assume you developed a new for creating "output" (the higher the better) %
and want to experimentally compare it against a baseline variant "2".

* Your Professor suggests to compare the methods on two data points (Alice and Bob)
and report the AVG of their relative ratios. How does this sound?

DATA (higher 1 is better):

Variant 1 | Variant 2 | Ratio Var?ant !
Variant 2
Alice 20 10 20/10=2
Bob 10 20 10/20=0.5

AVG =1.25 +25%

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 53
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Ratio of averages = average of ratios Side-to

 Assume you developed a new for creating "output" (the higher the better)
and want to experimentally compare it against a baseline variant "2".

* Your Professor suggests to compare the methods on two data points (Alice and Bob)
and report the AVG of their relative ratios. How does this sound?

DATA (higher 1 is better):

Variant 1

Variant 1 | Variant 0 | Ratio CONCLUSION

Variant 0

Variant 1 is ow average
Alice 20 10 20/10=2 25%0 better

Bob 10 20 10/20=0.5 f? ®
AVG =1.25 +25% =

See https://arxiv.org/pdf/2401.04758 Appendix 0.1 for a more detailed discussion and suggestion to use the median. | only just learned that this exact problem is widely known in the computer benchmarking
literature which suggests the geometric mean: "Fleming, Wallace. How not to lie with statistics: the correct way to summarize benchmark results. CACM 1986. https://dl.acm.org/doi/abs/10.1145/5666.5673
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 54
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Relational Algebra (RA) operators

Five basic operators:
Selection: o ("sigma")
Projection:

Cartesian Product: x

Union:

CEEE

Difference:

Auxiliary (or special) operator

6. Renaming: p ("rho") for named perspective

Derived (or implied) operators

7. Joins X< (natural, theta join, equi-join, [semi-join: moved to T3-U1])
8. Intersection / complement

9. Division:

57



3. Cartesian Product (X), or Cross-product

o Each tuple in R with each tuplein S
e Notation: RxS
e RxS:={(r,s) | reR,s €S}
o Example:
— Students x Advisors

« Rare in practice; mainly used to
express joins

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Student(sid,sname,gpa)
People(ssn,pname,address)

SQL:
SELECT *
FROM People, Student

U
?

RA:

58
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3. Cartesian Product (X), or Cross-product

o Each tuple in R with each tuplein S
e Notation: RxS
e RxS:={(r,s) | reR,s €S}
o Example:
— Students x Advisors

« Rare in practice; mainly used to
express joins

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Student(sid,sname,gpa)
People(ssn,pname,address)

SQL:
SELECT *
FROM People, Student

RA: @

Péople X Student

59
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3. Cross join example

People

ssn pname address
1234545 | John 216 Rosse
5423341 Bob 217 Rosse

People X Student

o
?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Student
sid sname gpa
001 John 3.4
002 Bob 1.3
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3. Cross join example

People Student

ssn pname address sid sname gpa
1234545 | John 216 Rosse X 001 John 3.4
5423341 Bob 217 Rosse 002 Bob 1.3

People X Student @

ssh pname | address sid sname gpa
1234545 | John |216 Rosse| 001 John 3.4
5423341 Bob (217 Rosse| 001 John 3.4
1234545 | John |216 Rosse| 002 Bob 1.3
5423341 Bob |216 Rosse| 002 Bob 1.3

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 61
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Relational Algebra (RA) operators

Five basic operators:

1
2
3.
4
5

Selection: o ("sigma")
Projection:

Cartesian Product:
Union: U

Difference: —

Auxiliary (or special) operator

6.

Renaming: p ("rho") for named perspective

Derived (or implied) operators

7.
8.
9.

Joins < (natural, theta join, equi-join, [semi-join: moved to T3-U1])
Intersection / complement

Division:

63



4. Union (U) and 5. Difference ()

R S
RUS @ RUS:={x| xERVXES}
R-S| Rr S

@@ R-S:={x| XERAXES}

« Examples:

— Students U Faculty
— AlINEUEmployees — RetiredFaculty

Student (neuid, fname, Iname)
Faculty (neuid, fname, Iname, college)

What about +he uviown of ?
Student and Faculty?
H

Relational difference R-S can also be written as R\S like set difference. "-" is used e.g. by [Silberschatz+'20], [Ramakrishnan+'03], [Garcia-Molina+2014], and [EImasri+'15]
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 64
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4. Union (U) and 5. Difference (=) | Actor (aid, fname, Iname)
Play (aid, mid, role)

R S
RuUS @ RUS:={X | XE€RVXES} other example: find actor ids
who don't play in any movie:

R-S| R S
@@ R-S:={x| xERAXE&S} ’?

« Examples: -

— Students U Faculty
— AlINEUEmployees — RetiredFaculty

Student (neuid, fname, Iname)
(Faculty (neuid, fname, Iname, college) )

n-—oolle@e

What about the uvion of  Nol Ouly makes sevnse if R and S are "uniown
Student and Faculty? compatible”, thus have the same schemal

Relational difference R-S can also be written as R\S like set difference. "-" is used e.g. by [Silberschatz+'20], [Ramakrishnan+'03], [Garcia-Molina+2014], and [EImasri+'15]
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 65
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4. Union (U) and 5. Difference (=) | Actor (aid, fname, Iname)

RUS
R-S

Play (aid, mid, role)

R S
@ RUS:={x| XxXERVXES} otper example: find actor ids
who don't play in any movie:

R S
@@ R-S:={x| xERAX¢&S} T4 (Actor)—m,4(Play)

« Examples:

— Students U Faculty
— AlINEUEmployees — RetiredFaculty

n-—oolle@e

Student (neuid, fname, Iname)
(Faculty (neuid, fname, Iname, college) )

What about the uvion of  Nol Ouly makes sevnse if R and S are "uniown
Student and Faculty? compatible”, thus have the same schemal

Relational difference R-S can also be written as R\S like set difference. "-" is used e.g. by [Silberschatz+'20], [Ramakrishnan+'03], [Garcia-Molina+2014], and [EImasri+'15]
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 66
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VENN diagrams for join types: rows vs column

Which columns are returned:

Which
ich rows Left Union

are returned

(Left) Anti-Join Left (Outer) Join

Intersection @

(Left) Semi-Join Inner

=3=

Union

s

Full (Outer) Join

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

columns

(schema):

rows
(data):

Left

Right

(@) (®x Y]

D Q|0
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VENN diagrams for join types: rows vs column

Join keys from Which columns are returned: Left Right
which rows Lof Uni I . |
are returned: ert nion ntersection columns

(schema):

@

(Left) Anti-Join Left (Outer) Join

rows
(data):

Intersection @

M |Q-|O [el(eonY

(Left) Semi-Join Inner
union = full join (for identical schewmas)

/ Full (Outer) Join Union

This insight led to a 7240 class project and subsequent paper: Khatiwada, Shraga, Gatterbauer, Miller. Integrating Data Lake Tables. PVLDB 2022. https://doi.org/10.14778/3574245.3574274
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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VENN diagrams for join types: rows vs column

Columns returned

Left Both Right
& D D
leftouter fullouter rightouter
(OO

leftsemi inner rightsemi
D

leftanti innerunique rightanti

Source: https://learn.microsoft.com/en-us/azure/data-explorer/kusto/query/join-operator?pivots=azuredataexplorer
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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VENN diagrams for join types: rows vs column

Columns returned

Left Both

"Right" is redundant

Leftouter

returns
both!

fullouter

H
leftsemi inner
leftanti innerunique rightanti

Source: https://learn.microsoft.com/en-us/azure/data-explorer/kusto/query/join-operator?pivots=azuredataexplorer
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Relational Algebra (RA) operators

o Auxiliary (or special) operator

6. Renaming: p ("rho") for named perspective



6. Renaming (p rho)

Student(sid,sname,gpa)

« Does not change the instance, only the
schema (table or attribute names) SQL:

« Only needed in named perspective, thus a SELECT

'special' operator (neither basic nor derived) sid AS studld,
sname AS name,

gpa AS gradePtAvg
ps(R) S vew table name FROM Student

PS(B;,...B,) (R) if positions can be used @
RA:

« Several existing conventions:

R) . .
pS(A1—>Bl;---;An_)Bn)( ) If attribute names,
PA,>By,..A B, (R)  vot order matters f?

PB,,...By, (R)

Alternative to "A; = B;" is the substitution symbol "B; /A" (notice the difference in sequencing)
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 76
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6. Renaming (p rho)

Student(sid,sname,gpa)

« Does not change the instance, only the
schema (table or attribute names) SQL:

« Only needed in named perspective, thus a SELECT

'special' operator (neither basic nor derived) sid AS studld,
sname AS name,

gpa AS gradePtAvg
ps(R) S vew table name FROM Student

PS(B;,...B,) (R) if positions can be used @
RA:

« Several existing conventions:

R) . .
pS(A1—>Bl;---;An_)Bn)( ) If attribute names,
PA,>By,..A B, (R)  vot order matters

PB,,...By, (R)

Alternative to "A; = B;" is the substitution symbol "B; /A" (notice the difference in sequencing)
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 77

Pstudld,name,gradePtAvg (StUdent)



https://northeastern-datalab.github.io/cs7240/

6. Why we need renaming in the named perspective
R S
A B C D
1 2 2 6
3 4 4 8
9 10 11

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 78
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6. Why we need renaming in the named perspective
R S
A B C D
1 2 2 6
3 4 4 8
9 10 11

RxS

A R.B S.B C D

1 2 2 3} 6

1 2 4 8

1 2 9 10 11

3 4 2

3 4 4 7 8

3 4 9 10 11

What if we use renamivg ;

Wolfgang Gatterbauer. Principles of scalable data management: https://nortMastern-datalab.github.io/cs7240/ 79
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6. Why we need renaming

R

A |BoF

1 2

3 4
RxS
A R.B S.B C D
1 2 2 ) 6
1 2 4 7 8
1 2 9 10 11
3 4 2 ) 6
3 4 4 7 8
3 4 9 10 11

S

B D

2 6

4 8

9 10 11
pB—>E(R) XS
A E B D
1 2 2 6
1 2 4 8
1 2 9 10 11
3 4 2 6
3 4 4 7 8
3 4 9 10 11

we would *really* veed renaming if we had R x R:

(Compare to table aliases)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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6. Named vs Unnamed perspective (=positional notation ¥y T’
(&

In DRC:;
g 3 ?

A for arc or adyacency "

Q: Nodes that have a grand-child  {1,2}

A:

Wi IDNIDN| = WD,
ININNGIIRY SN

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 81
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6. Named vs Unnamed perspective (=positional notation ¥y T’

Q: Nodes that have a grand-child  {1,2}

@ 9 In DRC:
I { x| 3yz[ACY) AA(2)]}

2) (3) { x| 3yzu,w.[A(y,z) AA(u,w) A z=u A y=x]}

A for arc or adyacency

A:

In RA:

?

Wi IDNIDN| = WD,
ININNGIIRY SN

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 82
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6. Named vs Unnamed perspective (=positional notation ¥y T’

Q: Nodes that have a grand-child  {1,2}

c 9 In DRC:
I { x| 3yz.[A(xYy) AA(y,2)]} umamed= positional
2)—3 (x| Fyzuw.A®y,2) AAw) A z=u A y=x])

A for arc or adyacency

\

A:

In RA:

Iig (O-T=SZ (AX,DS—>SZ,S—>SZ (A)) named perspective
? umamed perspective

Wi IDNIDN| = WD,
ININNGIIRY SN

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 83
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6. Named vs Unnamed perspective (=positional notation)

(1

Q: Nodes that have a grand-child  {1,2}

In DRC:
I { x| 3yz.[A(xYy) AA(y,2)]} umamed= positional
2)—3 (x| Fyzuw.A®y,2) AAw) A z=u A y=x])
$¢1 $2 $2 ¢4 In TRC: ) N
S T S22 o named’
A: |1 2 1 2 o
2 1 X 2 1 ' RA.
2 3|\\|2 3] "%
1 4 1 4 g (O'T=52 (AXPs_52,5-52 (A)) named perspective
3 4 3 4 TTgq (O'$2=$3 (A XA)) unawmed perspective

/
T adopt the notation $2 from [Ullman'aqal (alse mentioned by [Silberschate+'20]. Tt is oftew just written as "m,(0,-3(AxA))",
which is ambiguons. A more recent database textbook uses "2 = 3" for “$2=$3" which gets confusing for “$2=3"...

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 84
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6. Named vs Unnamed perspective (=positional notation)

(1

Q: Nodes that have a grand-child  {1,2}

In DRC:
I { x| 3yz.[A(xYy) AA(y,2)]} umamed= positional
2)—3 (x| Fyzuw.A®y,2) AAw) A z=u A y=x])
$¢1 $2 $2 ¢4 In TRC: 3 slc A ) D¢ ) n
S T S2T2 P
NEss — {q(S) | 9al,a2eAld1.T=a2.S A al.5=q.5]}
' 2 1 X 2 1 ? mnamed for TRC (vot +ypicall)
e > 3 In RA: -
1 4 1 4 g (O'T=52 (AXPs_52,5-52 (A)) named perspective
3 4 3 4 TTgq (O'$2=$3 (A XA)) unawmed perspective

/
T adopt the notation $2 from [Ullman'aqal (alse mentioned by [Silberschate+'20]. Tt is oftew just written as "m,(0,-3(AxA))",
which is ambiguons. A more recent database textbook uses "2 = 3" for “$2=$3" which gets confusing for “$2=3"...
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6. Named vs Unnamed perspective (=positional notation)

(1

Q: Nodes that have a grand-child  {1,2}

In DRC:
I { x| 3yz.[A(xYy) AA(y,2)]} umamed= positional
2) (3 { x| 3yzu,w.[A(y,z) AA(u,w) A z=u A y=x]}
M $2 3 ¢4 In TRC: SelcA ) Dee ) "
S T S2T2 e
AT — {q(S) | 9al,a2eAld1.T=a2.S A al.5=q.5]}
| > 1 > 1 {g|3al,a2€eA[al.$2=a2.$1 A al.$1=q.51]}
>3 >3 In RA: umamed for TRC (vot +ypicall)
1 4 1 4 g (O'T=52 (AXPs_52,5-52 (A)) named perspective
3 4 3 4 TTgq (O‘$2=$3 (AXA)) uamamed perspective

/
T adopt the notation $2 from [Ullman'aqal (alse mentioned by [Silberschate+'20]. Tt is oftew just written as "m,(0,-3(AxA))",
which is ambiguons. A more recent database textbook uses "2 = 3" for “$2=$3" which gets confusing for “$2=3"...

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 86
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Write in RA Employee(id, name, salary)

Q: Find the ID and name of those employees who earn more than
the employee whose ID is 1237

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 87
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Write in RA Employee(id, name, salary)

Q: Find the ID and name of those employees who earn more than
the employee whose ID is 1237

Tejd,e.name (O-e.salary>o.salary (pe(employee) Xgig=123 (o (employee))))

TTijd,name (Usalary>s (employee X (psalary—>s (T[salary (0id=123 (employee)))))

1,52 (0$4=123 A $3556 (employee xemployee))
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Relational Algebra (RA) operators

Derived relational operators:

* can be expressed in basic RA; thus vot veeded
But evhavcing the basic operator set with derived
operators is a good idea:

* Queries become easier +o write/understand/maintaiv
* Easier for DBWMS +o apply specialized optimizations
(recall the conceptual evaluation strateqy)

e Derived (or implied) operators

7. Joins X< (natural, theta join, equi-join, [semi-join: moved to T3-U1]})

\we discuss later v class in detail
(SJs are at the heart of efficient algorithwms)

most important

39



7a ) N atura | _]Q| N ( 4 ) Product(pname, price, category, cid)

Company(cid, cname, stockprice, country)

« Notation: R S
« Joins R and S on equality of all shared attributes

— Only makes sense in |

— If R has attribute set A, and S has attribute set B, and they
share attributes , can also be written as R S

« Natural join in basic RA:
- Meaning: RX S =1, g(0gcsc(R x9))

- Meaning: R S=m,,s(ccp(oc-p(R) X S))
* The rename p._p renames the shared attributes in one of
the relations
* The selection o..p checks equality of the shared attributes
* The projection 1, g eliminates the duplicate common
attributes

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

sQL

SELECT pname, price, category,
P.cid, cname, stockprice, country
FROM Product P, Company C
WHERE P.cid= C.cid

SQL (alternative syntax)

?
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7a ) N atura | _]Q| N ( 4 ) Product(pname, price, category, cid)

Company(cid, cname, stockprice, country)

« Notation: R S
« Joins R and S on equality of all shared attributes

— Only makes sense in named perspective!

— If R has attribute set A, and S has attribute set B, and they
share attributes , can also be written as R S

« Natural join in basic RA:
- Meaning: RX S =1, g(0gcsc(R x9))
- Meaning: R S=m,,s(ccp(oc-p(R) X S))

* The rename p._p renames the shared attributes in one of
the relations
* The selection o..p checks equality of the shared attributes

* The projection 1, g eliminates the duplicate common
attributes

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

sQL

SELECT pname, price, category,
P.cid, cname, stockprice, country
FROM Product P, Company C
WHERE P.cid= C.cid

SQL (alternative syntax)

SELECT *
FROM Product
NATURAL JOIN Company

RA: @
7
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7a ) N atura | _]Q| N ( 4 ) Product(pname, price, category, cid)

Company(cid, cname, stockprice, country)

« Notation:R X S 5QL
« Joins R and S on equality of all shared attributes SELECT pname, price, category,
_ _ P.cid, cname, stockprice, country
— Only makes sense in named perspective! FROM Product P, Company C
— If R has attribute set A, and S has attribute set B, and they \WHERE P.cid= C.cid
share attributes , can also be written as R S

SQL (alternative syntax)
« Natural join in basic RA:

SELECT *
— Meaning: R S =1, (g c=sc(R x S)) FROM Product
— Meaning: R ™ S =1, ,a(ccp(pcop(R) x S)) NATURAL JOIN Company
* The rename p._p renames the shared attributes in one of
the relations @
* The selection o..p checks equality of the shared attributes
* The projection 1, g eliminates the duplicate common RA:
attributes Product = Company

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 92
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7a. Natural Join (): an alternative perspective

R We ovly want to pair those tuples that match in some way.
S

More formally the semantics of the natural join are defined as
follows:

AR O

r R S={rUs|reR AN seS A Fun(rUs)} (1)

where Fun(t) is a predicate that is true for a relation t (in the
mathematical sense) iff tis a function. It is usually required that
R and S must have at least one common attribute, but if this
joined tuple constraint is omitted, and R and S have no common attributes,

then the natural join becomes exactly the Cartesian product.

Figure 15: Joining tuples

Source of Figure: Garcia-Molina, Ullman, Widom. Database Systems -- The Complete Book (2nd ed, international ed), 2014. http://infolab.stanford.edu/~ullman/dscb.html
Source of text: https://en.wikipedia.org/wiki/Relational algebra#Natural_join
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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7a. Natural Join (4): An example

R S
A B C D
1 2 2 6
3 4 4 8
9 10 11
pe-g(R) xS

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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7a. Natural Join (4): An example

R S

A B D

1 2 2 6

3 4 4 8

9 10 11

RS ppg(R) x S

A E B D
1 2 2 6
? 1 2 4 8
C 1 2 9 10 11
3 4 2 6
3 4 4 7 8
3 4 9 10 11

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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7a. Natural Join (4): An example

R

A

1

3
RpdaS
A B D
1 2 §)
3 4 8
RS = v basic RA

?

S
B D
2 6
4 8
9 10 11
pB—)E(R) F< S
A |E B C D
1 ¢ 2 5
4—r+2 4 7 8
44—t g T0 |11
s—T4—<Z_ |5 |6
3 (4l [ 7 8
3—4 9 0 11

J

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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7a. Natural Join (4): An example

R
A
1
3
RS
A B D
1 2 6
3 4 8
RpqS=

ITprB.cp(OrB=sB(R X S)) =
[ g cp(os=e(pp-e(R) X S)) =
IIg1 g2 54,35 (Og2-3 (R x S)) =

S
B D
2 6
4 8
9 10 11
pB%E(R)F(S
A |E B c D
1 2 5
H—rt2 4 7 8
o g 0 | 11
s—T4—<Z_ |5 |6
3 (4l [ 7 8
3— 4 9 0 T
)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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7a. Natural Join () practice

* Given schemas R(A, B, C, D), S(A, C, E), what is the schemaof R xS ?

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 98
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7a. Natural Join () practice

e Given schemas R(A, B, C, D), S(ﬁ(,/Q,iE/), what is the schema of R xS ?

— V—

Answer(A, B, C, D,E)

 Given R(A, B, C), S(D, E), whatisRx S ?

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 99
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7a. Natural Join () practice

* Given schemas R(A, B, C, D), S(A, C, E), what is the schemaof R xS ?

no condition in the selection
Answer(A, B, C, D,E) +hat could be violated:

—
 Given R(A, B, C), S(D, E), whatisRx S ?

5 X.S \?“lfl (‘fog;

R xS 1(: \‘}:——:_:\J: C =

* Given R(A, B), S(A, B), whatis RS ?

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 100
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7a. Natural Join () practice

* Given schemas R(A, B, C, D), S(A, C, E), what is the schemaof R xS ?
Answer(A, B, C, D,E)
 Given R(A, B, C), S(D, E), whatisRx S ?

RxS

e Given R(A, B), S(}\,/)a{ whatis R>x S ? % SN
cg g - 0

RNS 2] |12
L 3 RY) O
¢ 2 12 ¢

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 101
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7a. Natural Join () practice

* Given schemas R(A, B, C, D), S(A, C, E), what is the schemaof R xS ?
Answer(A, B, C, D,E)

 Given R(A, B, C), S(D, E), whatisRx S ?

R xS
* Given R(A, B), S(A, B), whatis RS ? SN
A A @[ — Ao
LI Q) | <
¢ 12 ¢ ’ZQ
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/b. Theta Join (™)

« A join that involves a predicate

Ry >R, = op(R1XR;)

o 0O ("theta") can be any condition

« No projection: #attributes in output

= sum Hattributes in input Note that natural join is
a theta join + a selection

o Example: band-joins for approx.
matchings across tables

AnonPatient (a % Zgi disease) | Assume relatively fresh
Voters (name, a data (within 1 year)

|
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 103
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/b. Theta Join (™)

Student(sid,name,gpa)
People(ssn,name,address)

« A join that involves a predicate

S5QL:
R R., = R.XR SELECT *
1D<gR; = oy(R1 XR;) RO
L. Students, People

« O ("theta") can be any condition WHERE 6 P
« No projection: #attributes in output

= sum #attributes in input Note that natural join is @

a theta Join + a selection

« Example: for approx. RA-

matchings across tables f?

AnonPatient (a %g 7}? disease) | Assume relatively fresh 0

Voters (name, a data (within 1 year)

A [><]P.zip=V.zip /\@age>=v.age -1 A P.age<=V.age +NV

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.iofcs7240/ 104
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/b. Theta Join (™)

Student(sid,name,gpa)
People(ssn,name,address)

A join that involves a predicate

S5QL:
R R., = R.XR SELECT *
1R, = 0g(R1 XR;) St
. Students, Peopl

« O ("theta") can be any condition WHEuRgnes SOpIe
« No projection: #attributes in output

=sum #attrlbUtES |n InpUt Note that VIJ“’MY'JI:}O‘WI 1S @

a theta Join + a selection

« Example: for approx. RA-

matchings across tables
Students >, People

AnonPatient (age, zip, disease) | Assume relatively fresh
Voters (name, age, zip) data (within 1 year)

A [><]P.zip=V.zip A P.age>=V.age -1 A P.age<=V.age +1 \%

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 105
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/cC. EC]U|‘JO|n ([X] A:B) Student(sid,sname,gpa)

People(ssn,pname,address)
S5QL:

Ri>s_gRy = 64_5(R1XR3) EEB'IE\ACT

Students S, People P
WHERE sname = pname

« Athetajoin where q is an equality

o Example over Gizmo DB:

— Product x manufacturer=cname Company

« Most common join in practice! @

RA: ?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 109
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/c. Equi-join (X ,_g)

« Athetajoin where q is an equality

Ri™s_gR; = 6,_5(R1XR;)

o Example over Gizmo DB:

— Product x manufacturer=cname Company

« Most common join in practice!

Student(sid,sname,gpa)

People(ssn,pname,address)

5QL:

SELECT *
FROM

Students S, People P
WHERE sname = pname

L

S X Sname=pname P

RA:

What is the connection with a natural join? ;

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

110


https://northeastern-datalab.github.io/cs7240/

7d. Semi-join (<) [moved to T3-U1]

. R < S:Return tuples from R for which there is a matching tuple in S
that is equal on their common attribute names.

Semijoins as Message Passing

« Semijoins can reduce network use for equijoins in distributed databases

Semi-joins can also help if data are local 7601
R(A,B) —p— S(B,C) R(A,B [p;(x,y,2,x): —R(x,),5(3,2),T(z,w)] sk
¢ With S2 as
X : . ne; : : . n
RIS A K . i il The more general idea: "Sideways information passing
PReducedR:|  AB BC cb WHERE S.B in
n -k 1n 3 (SELECT R.B
tuples that |0 _}§1 ) Only 1 single output tuple! FHORG B
1-Y 11 S3 as
o . . . 09 ‘1 _gi . 2 Lol Sideways information passing: Q=R»pS)xcT
Effective if 1) the size of join attribute B (or nun 5 _z_§_z 5 WHERE 52.C in + "sending information from one subexpression not
is simaller than A and C, and 2.) few tuples from R n -2 2n| T Queryl o éig:E:JT'C simply to its parent expression, but also to some heep
» ‘ » _ _ select select a, b, ¢, d other correlated portion of the query computation, duery plan
Towards Responsive DBMS. ICDE 2022 tutorial: https://northeastern-datalab.githul r -tutorial into recordl into record2 in order to prune irrelevant results“ [lves, Taylor 08] ;q
from R natural join S natural join T; from R natural join S3 a includes techniques |Ike two—way semijoins C&D
n=1,000:  tg=14 sec tq2=5 msec [Bernstein, Goodman 81] and magic sets [Beeri, e T (HED)
n=2,000: tg=6kAsec O(nZ) ® top=® msec  ( Ramakrishnan 91] ol
SQL example 601 available at: https://github.com, theastern-datalab/cs3200-activities, NB
Towards Responsive DBMS. ICDE 2022 tutorial: https://northeastern-datalab.github.i ive-dbms-tutorial /\% BC
n+1 2n+1

R(AB)  S(BC)

[Bernstein, Goodman 81]. "Using Semi-Joins to Solve Relational Queries", JACM 1981. https://doi.org/10.1145/322234.322238

[Beeri, Ramakrishnan 91]: "On the power of magic", Journal of Logic Programming, 1991. https://doi.org/10.1016/0743-1066(91)90038-Q

Definition from: [Ives, Taylor 08]. "Sideways Information Passing for Push-Style Query Processing”, ICDE 2008. https://doi.org/10.1109/ICDE.2008.4497486

Towards Responsive DBMS. ICDE 2022 tutorial: https://northeastern-datalab.github.i ive-dbms-tutorial 6

See "Part 3: Acyclic queries & Enumeration": https://northeastern-datalab.github.io/responsive-dbms-tutorial/slides/Responsive-DBMS-tutorial-part-3-AcyclicQueries-Enumeration.pdf,
https://www.youtube.com/watch?list=PL_72ERGKF6DTINW_P3a9zTYPSNLWbgOAx&v=toi7ysuyRkw from ICDE'22 tutorial "Toward Responsive DBMS: Optimal Join Algorithms, Enumeration,

Factorization, Ranking, and Dynamic Programming" by Tziavelis et al. https://doi.org/10.1109/ICDE53745.2022.00299, https://northeastern-datalab.github.io/responsive-dbms-tutorial/
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Join Summary

:RDyS=0y(R X S)
— Join of R and S with a join condition 0
— Cross-product followed by selection 0
— No projection
:RDdyS=05(R X S)
— Join condition B consists only of equalities
— No projection
RIS =T, (0 (R X S))
— Equality on all fields with same name inRand in S
— Projection 11, drops all redundant attributes

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 112
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Example: Converting SFW Query to RA

Student(sid,name,gpa)
People(ssn,name,address)

SELECT DISTINCT gpa, address
FROM Student S, People P
WHERE S.name = P.name

AND gpa > 3.5

How do we represent this duery in RA?

= 2

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 113
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Example: Converting SFW Query to RA

Student(sid,name,gpa)
People(ssn,name,address)

SELECT DISTINCT gpa, address
FROM Student S, People P
WHERE S.name = P.name

AND gpa > 3.5

How do we represent this duery in RA?

j1> l_‘:gpa,address(O-gpa>3.5(S X P))
l_‘:gpa,address (nga>3.5 /A Sname=P.name (SXP))

l_*:gpa,address (O-gpa>3.5 /A name=name?2 (Sxpname—mamezp))

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 114
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Some Exam P les Supplier(sno,sname,scity,sstate)

Part(pno,pname,psize,pcolor)
Supply(sno,pno,qty,price)

Find names of suppliers of parts with size greater than 10

?

Find names of suppliers of red parts or parts with size greater than 10

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 115
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Some Exam P les Supplier(sno,sname,scity,sstate)

Part(pno,pname,psize,pcolor)
Supply(sno,pno,qty,price)

Find names of suppliers of parts with size greater than 10

ﬂsname(cpsize>10(supp“er X Supply > Part))
Trsname(supp“er > Supply X (Gpsize>10 (Part))

Find names of suppliers of red parts or parts with size greater than 10

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 116
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Some Exam P les Supplier(sno,sname,scity,sstate)

Part(pno,pname,psize,pcolor)
Supply(sno,pno,qty,price)

Find names of suppliers of parts with size greater than 10

: tati
Tsname(SUpplier B Supply < (0 psizes10 (Part)) f:;Z;cSer?@;c;w X

ﬂsname(cpsize>10(supp“er X Supply > Part)) ?

Find names of suppliers of red parts or parts with size greater than 10

Trsname(supp“er > Supply X (0 psize>10 (Part) U Gpcolor='red' (Part)))
Trsname(supp“er X SUpply X (0 psize>10 V pcolor="red' (Part)))

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 117
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Some Exam P les Supplier(sno,sname,scity,sstate)

Part(pno,pname,psize,pcolor)
Supply(sno,pno,qty,price)
Usunally uvary or binary. Think of:

* abstract syntax treespnswer
* binary expression trees |

Find names of suppliers of parts with size greater than 10

* parse trees "S”r‘me
ﬂsname(opsize>10(supp“er Méupply > Part}’) + data flow QM\PM /N\
: R tati
Trsname(suppller > Supply X (Gpsize>10 (Part)) O_FGEY:ZGSV]+?G;()?W g = Supplier
S

Opsize >10
Find names of suppliers of red parts or parts with size greater than 10 | Supply

. Part
Trsname(suppller > Supply > (0 psize>10 (Part) U 0pco|or='red' (Part))) ; ©
Trsname(supp“er X SUpply X (0 psize>10 V pcolor="red' (Part))) ONO

() ©

(a+b)*c+7

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ https://en.wikipedia.org/wiki/Binary expression tree 118
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Query (Evaluation / Execution) Tree, Data flow graph

A query tree is a tree data structure that corresponds to a relational algebra expres- root = result
sion. It represents the input relations of the query as leaf nodes of the tree, and rep-
resents the relational algebra operations as internal nodes. An execution of the

query tree consists of executing an internal node operation whenever its operands

(represented by its child nodes) are available, and then replacing that internal node T P.Pnumber,P.Dnum,E.Lname,E.Address,E.Bdate
by the relation that results from executing the operation. The execution terminates

when the root node is executed and produces the result relation for the query.

(3)
"' D.Mgr_ssn=E.Ssn
TlPnumber, Dnum, Lname, Address, Bdate((((SPIocation=‘S‘cafford’(PROJ ECT))
& Dnum=Dnumber(DEPARTMENT)) bl Mgr_ssn=Ssn(EMPLOYEE))

(2)
" P.Dnum=D.Dnumber EMPLOYEE

intermediate rosml+5\/
l i (1)
non- 6“\/6 o 65_/" GPP|ocat|0n= ‘Stafford’ DEPARTMENT

= operators
leaves = base rolaﬁov.g/”( i }— PROJECT

[EImasri+'15] EImasri, Navathe. Fundamentals of Database Systems, 7th ed, 2015. Section 8.35 https://www.pearson.com/us/higher-education/program/Elmasri-Fundamentals-of-Database-Systems-7th-Edition/PGM189052.html
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Relational Algebra (RA) operators

e Five basic operators:
Selection: o ("sigma")

Projection:

1
2
3. Cartesian Product:
4. Union:
5. Difference:
o Auxiliary (or special) operator
6. Renaming: p ("rho") for named perspective
e Derived (or implied) operators
7. Joins X< (natural, theta join, equi-join, [semi-join: moved to T3-U1])
8. Intersection / complement

9. Division:

120



8. What about Intersection N7

e As derived operator using union and minus

?
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8. What about Intersection 17

e As derived operator using union and minus

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 122
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8. What about Intersection 17

e As derived operator using union and minus

5 (RUS) - (R-S) - (SR) R S
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8. What about Intersection 17

e As derived operator using union and minus }

(3 §>“<@~§)U@)> C

ey
éifYSS:S
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8. What about Intersection 17?

o As derived operator using union and

RNS=((RUS)-(R-S))-(S-R) R S
RNS=(RUS)-((R-S)U(S-R))

e Derived operator using only!
?
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8. What about Intersection 17

o As derived operator using union and
RNnS=((RUS)-(R-S))-(S-R)
RNS=(RUS)-((R-S)U (S-R))

e Derived operator using only!

RNS= S - (S - R)

e Derived using join

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 126
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8. What about Intersection 17

o As derived operator using union and

RNS=((RUS)-(R-5))-(S-R) R S
RNS=(RUS)-((R-S)U(S-R))
e Derived operator using only!
RNS= S - (S-R)
e Derived using join Legal input: schemas need to be union
compatible (same schema). €.9. not:
RNS=RXS R(ABC)
S(AB)

TR and S have the same schema,
then RS and R X S equal to R N S

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 127
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Relational Algebra (RA) operators

e Five basic operators:
Selection: o ("sigma")

Projection:

1
2
3. Cartesian Product:
4. Union:
5. Difference:
o Auxiliary (or special) operator
6. Renaming: p ("rho") for named perspective
e Derived (or implied) operators
7. Joins X< (natural, theta join, equi-join, [semi-join: moved to T3-U1])
8. Intersection / complement

9. Division: +

128



9. Division (R = S)

« Consider two relations R(X,Y) and S(Y) X, Y are sets of attributes
. Then R = Sis Legal input: at+(R) D at+(S)

What counld be a meaningful defivition of division ?

Compare +o Tuteger division: 7/ 2@

2 is the biggest integer that maultiplied with 2 is smaller or equal to 7

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 129
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9. Division (R =+ S)

o Consider two relations R(X,Y) and S(Y) X, Y are sets of attributes
. Then R = S is . Legal input: at+(R) D at+(S)

— ... the largest relation T(X) s.t. S X TSR (safety: T € mR)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 130
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9. Division (R =+ S)

o Consider two relations R(X,Y) and S(Y) X, Y are sets of attributes
. Then i Legal input: at+(R) D at+(S)
— ... the largest relation T(X) s.t. , Or (safety: T € mR)

— ... the relation T(X) that contains the X's that occur with all Y'sin S, or
— LA | Vs(Y)eS.[Ar(X,Y)eR]} (+ safety)

R Dividend S Divisor T

X Y Y
Alice
Alice

Bob
Bob
Bob

1
2 |
3

WINIFLPIN|F-

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 131
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9. Division (R =+ S)

o Consider two relations R(X,Y) and S(Y) X, Y are sets of attributes
. Then i Legal input: at+(R) D at+(S)
— ... the largest relation T(X) s.t. , Or (safety: T € mR)

— ... the relation T(X) that contains the X's that occur with all Y'sin S, or
— LA | Vs(Y)eS.[Ar(X,Y)eR]} (+ safety)

R Dividend S Divisor T

X Y
Alice
Alice

Bob
Bob
Bob_

>

Bob

1
2
3

Phw [0 [ 1= [ro = | <

)
< 132
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Questions

Studies Course

sid | student | course . course | _ f?
1 Alice Al : ML T
1 Alice DB

2 Bob DB

2 Bob ML _ | course | f?
3 Charly Al : Al T
3 Charly DB DB

3 Charly ML ML

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 135
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Questions

Studies Course recall set semantics for RA
sid | student | course . course | __ | sid | student
1 Alice Al . ML - 2 Bob
1 Alice DB 3 Charly
2 Bob DB
2 Bob ML . | course | | sid | student
3 Charly Al . Al o 3 Charly
3 Charly DB DB
3 Charly ML ML

Assume R,S have disjoint attribute sets (possibly by renamivg)

(RxS)=S = ?

(RxS)+R = 2

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 136
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Questions

recall set semantics for RA

Studies Course

sid | student | course course | sid | student
1 Alice Al : ML o 2 Bob
1 Alice DB 3 Charly
2 Bob DB
2 Bob ML . | course | | sid | student
3 Charly Al . Al o 3 Charly
3 Charly DB DB
3 Charly ML ML

Q: IR has 1000 tuples
Assume R,S have disjoint attribute sets (possibly by renaming) and S has 100 tuples, how ?

mawny tuples cav be in R+S7?

(RxS)=S= R

Q: IR has 1000 tuples

and S has 1001 tuples, how ?
(RXS)+R =S many tuples can be in R+S7? "

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 137
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Questions

Studies Course recall set semantics for RA
sid | student | course . course | __ | sid | student
1 Alice Al B ML | T | 2 Bob
1 Alice DB 3 Charly
2 Bob DB
2 Bob ML . | course | | sid | student
3 Charly Al - Al - 3 Charly
3 Charly DB DB
3 Charly ML ML
Q: TfR has 1000 tuples
Assume R,S have disjoint attribute sets (possibly by renaming) and S [,msl 100 +M|fl?5',gmg O B / D
(RXS)+S - R mawny tuples can ve InR+S7

Q: IR has 1000 tuples
and S has 1001 tuples, how
(RXS)+R =S mawny tuples can be in R+S7?

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 138
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Questions

Studies Course Type

sid | student | course course | type

1 Alice Al Al elective

1 Alice DB DB

2 Bob DB ML

2 Bob ML

3 Charly Al

3 Charly DB

3 Charly ML

Who took all courses in RA with relational division?
?

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 139
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Questions

Studies Course Type
sid | student | course course | type
1 Alice Al Al elective
1 Alice DB DB
2 Bob DB ML
2 Bob ML
3 Charly Al
3 Charly DB
3 Charly ML
Who took all courses in RA with relational division?

Studies + ncourse(atypezrcore/CourseType)

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 140
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How to write R=S in Primitive RA? (x,—, 1)

]

R
R(XY) = S(V) X
b

N0

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 141
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How to write R=S in Primitive RA? (x,—, 1)

N | = [<| W

R
R(XY) = S(V) X
b

? n primmite RA 1<

4:{a} ={a,b}—{b}

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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How to write R=S in Primitive RA? (x,—, 1)

R = §=0Q
RCLY) + S(Y) oo
alo 1 a
lal1] |2
al2
m,R X S S INE
Each X of Rw/ each Y of S E? )

4:{a} ={a,b}—{b}

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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How to write R=S in Primitive RA? (x,—, 1)

R
R(XY) = S(VY) X

1
o | X[

N | = [<| W

(Tth X S) - R 1
Each X of Rw/ each Y of S _ _ 2

(X,Y) s.t. XinR,YinS, but (X)Y) notinR 3
4:{a} ={a,b}— {b}

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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How to write R=S in Primitive RA? (x,—, 1)

R
R(XY) = S(VY) X

1
o | X[

N | = [<| W

T[x((T[XRXS) _R) B
Each X of Rw/ each Y of S _ 2

(X,Y) s.t. XinR,YinS, but (X)Y) notinR 3
4:{a} ={a,b}— {b}

Xsin R where forsome YinS, (X)Y) is notin R

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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How to write R=S in Primitive RA? (x,—, 1)

R
R(XY) = S(VY) X

1
o | X[

N | = [<| W

R — m,((mRxS) —R|) Hlolt
Each X of Rw/ each Y of S 2

(X,Y) s.t. XinR,YinS, but (X)Y) notinR 3
4:{a} ={a,b}— {b}

Xs in R where forsome Yin S, (X,Y) is notin R

R+S

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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What if S=@7

R(%,Y) = S(V)

oo oo |X]|X

N0
N O

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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What if S=@? POy =10, 4 ¢

R = §=Q
R(%,Y) + S(Y) XYl ] |
al b

alz2

@—ﬂ((ﬂRXS)—R) 3K

Recall: {(x) | Vs(y)eS.[Ar(xy)ER]} (+ Sﬂhc@t Y)

Now you see why we veeded +he safety condition "T € mR" when
defiving "R + S as the largest relation T(X) st.S X T &R’

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 148
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R=S In Primitive RA vs. RC

R(%,Y) = S(V)

ITnRA:
R — m((mRxS)—R) <

b)2
Iv PRC: ? S

oo oo |X]|X

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 150
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R=S In Primitive RA vs. RC

R = §=
RC4Y) =+ S(Y) 2ol [
al1]| |2
Igjﬁ: — T[X((T[XR X S) —R ) o] ? i
Tn TRC O

(- 132[RC.2] A 2 )

X is "guarded": safe and thus domaiv independent

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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R=S In Primitive RA vs. RC

RCXY) + S(Y) v

a1

I’IK][:(ZS — ‘lTx((T[XR X S) — R) < z ?
Ty TR What if S(Y)=0 7 ’) E ------------

{x]3z[R(52) ] AVy.[S(Y) = R(xy)]

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 152
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R=S In Primitive RA vs. RC

R += S =
R(XY) = S(Y) XY LY
alo 1
lal1] |2
InRA: al2
T[XR_T[X((T[XRXS)_R) |Lb]

In DRC: “E
{ x| 3z[R(2)| AVY.[S(Y) = R(x)]

? without universal quantification

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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R=S In Primitive RA vs. RC

R = S =
R(X,Y) = S(V) il
all 2
aR-m((nRxS)-R) a7
In PRC:

{x]3z[R(2)| AVy.[S(Y) = R(xy)

{x132[R(52)] ABy[S() A -R(,
In TRC: ?

Wolfgang Gatterbauer . Principles of scalable data management . https ://northeastern -datalab .github.io/cs7240 / 154
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R=S In Primitive RA vs. RC

R = S$=Q
R(,Y) + S(V) 1ol 1] [a
al 2
T RA: a2
nR—ﬂ((ﬂRXS)_R) bl
b.

In DRC: 2
{x]13z[R(2)] AVy[S() = R(x)]

{ x| 3z[R(2) | A By.[S(V) A[RRCG] §
In TRC
(xlreR[ases[ ([ 2 m
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R=S In Primitive RA vs. RC

R + S=4Q
R(X,Y) + S(Y) 1ol [1] s
all 2
wR-m((mRxS)-R) b
In DRC: 2

{ x13z.[R(:2)] AVy.[S(V) = R(x)] }

12| 3z [RC52) [ ABY[SO) ARG ] 2 nsar
In TRC:
{ ‘ eR.| ﬂSES ﬂI‘ZER rzY S.Y A1, X=

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab .github.io i0/cs7240 /
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R=S In Primitive RA vs. RC
Tn SQL

SELECT DISTINCT R.X
FROM R
WHERE not exists(
SELECT =
FROM S <
WHERE not exists( e
SELECT (b2
FROM R AS R2? T
WHERE R2.Y
AND R2.X =

I
o | X[

N | = [<| W

oo oo |X]|X

= S.Y
R.X))

In TRC.
{ rX | reR.| AseS.|Ar,eR.[r,.Y=5s.Y A1, X=rX]]]}

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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RA vs. RC

There are logical expressions that
canmot be expressed in basic RA with

R(X,Y) - S(Y) the same vumber of table references

T RA: 3 references to R inRA,
| but ouly 2. references inRC
Ty R — T[X((T[XR XS)—R ) K

In DRC:
{x]3z[R(x2)] AVy.[S(Y) = R(xy)] }

In TRC
{ rX | reR.| AseS.|Ar,eR.[r,.Y=s.Y Ar,.X=rX]]|]|}

On the Reasonable Effectiveness of Relational Diagrams: Explaining Relational Query Patterns and the Pattern Expressiveness of Relational Languages, SIGMOD 2024. https://arxiv.org/pdf/2401.04758
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 158
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R=+S as set-containment join (not part of standard RA)

R(XY) = S(VY)

As set containment joiv
R ™Mpyogy S

In PRC (extended with set containment):

{1 IRGEMI2{v SO} }

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

R

X

(0 (0 (D

N0

S =Q
Y X
1 a
2
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Set-containment joins (not part of standard RA)

R ™p5c S

A|B C|D

al0 1] a

al 2| a
Wore general set containment join al2 11 b
R ™Xp5c S b | 1

In PRC (extended with set containment):

{AD) [{BIRAB)}2{C|S(CD)}}

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

olo o>
o|o|o |O
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Set-containment joins generalize equi-joins

T_gc(R ®p—cS) = Q
AlB C|D A|D
al|o 1]a ala
al 2| a al|b
Equi-join as instavce of set intersection joiv al?2 11b b|b
b| 1 bla

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 161
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Set-containment joins generalize equi-joins

T_gc(R ®p—cS) = Q
AlB C|D AlD
al0 1| a ala
al 2| a al|b
"won-empty set intersection” joivn al?2 11|b b|b
R ™Mpnceg S =M _pc(R Xp_¢S) b | 1 b |

In PRC (extended with set containment):

{(AD) [{B|R(ABY}N{C|S(CD)}#0 }
{(A,D) 3B [R(AB)AS(B,D)] }

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 162
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Parentheses Convention

« We have defined 3 unary operators (w/ renaming) and 3 binary
operators

« It is acceptable to omit the parentheses from o(R) when o is unary
— Then, unary operators take precedence over binary ones

e Example:

(Gcoursez'DB'(COurse)) X (pcid%cidl(StUdieS) )
becomes

c7course='DB'Cou rse X pcid%cidlstUdles

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 163
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Pre-class conversations

e Last class summary

e Please keep on pointing out any errors on the slides

 Itis time to start to hand in your first scribes (some ideas today)
e Project discussions (in 2 weeks: Fri 2/16: project ideas)

e today:
_ . . . - -
— next week: equivalence of RA and *safe* RC (Codd's theorem)
o nexttime: [ OPAY

— Recursion (Datalog)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 182
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Algebra and the connection to logic and queries

* Algebra

* Relational Algelbra

— QOperators
— Independence
— Power of algebra: optimizations

» Equivalence RA and safe RC (Codd's theorem)
- RA - RC
- RC — RA

183



5 Primitive Operators

Projection (7t)
Selection (o)
Union (L)

Set Difference (-)
Cross Product ( %)

A A

TIs this a well chosen set of primitives? ?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 184
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5 Primitive Operators

1. Projection (n)

2. Selection (o)

3. Union (U) not independent

4. Set Difference (-)

5. Cross Product ( %) ) 1 f‘l?‘/"ﬁ)()w v =(>7¥) jl
T:%ﬁf) ; fﬁv f :l\/ ﬂ\zyx\g:bj

TIs +his a well chosen set of primitives?

Conld we drop an operator "without losing anything"?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 185
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Independence among Primitives

« Let 0 be an RA operator, and let A be a set of RA operators

« Wesaythatois of A if o cannot be expressed in A;
that is, no expression in A is equivalent to

THEOREM: Each of the five primitives
is independent of the other four

Proof:

« Separate argument for each of the 5 (For each operator, we need to discover a
property that is uniquely possessed by that operator, and thus not by any RA
expression that involves only the other 4 operations)

« Arguments follow a common pattern (union as example next slides)

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 186
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Recipe for Proving Independence of an operator o

1. Fixa schema S and an instance D over S

2. Find some property P over relations

3. Prove: for every expression ¢ that does not use o, the relation (D) satisfies P

Such proofs are typically by induction on the size of the
expression, siuce operators compose

4. Find an expression p such that yp uses o and (D) violates P

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 187



https://northeastern-datalab.github.io/cs7240/

Concrete Example: Proving Independence of Union U

1. Fixaschema S and aninstanceDoverS R

S

A

S: R(A), S(A) D: {R(0), S(1)} A
0

1

2. Find some property P over relations
fituples < 2

3. Prove: for every expression ¢ that does not use o, the relation (D) satisfies P

Induction base: R and S have #tuples<?2

Induction step: If ¢,(D) and ¢,(D) have #tuples<2, then so do:
o.(01(D)), TA(@1(D)), @1(D) X @y(D), @1(D)-¢,(D),

4. Find an expression p such that yp uses o and (D) violates P

y=RUS

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

Pa>p(®1(D))
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Algebra and the connection to logic and queries

— Power of algebra: optimizations

190



Commutativity and distributivity of RA operators

e The basic commutators:

— Push projection through selection, join, union TaA(RUS) = ma(R)Um4(S)
— Push selection through projection, join, union 0g(RUS) = gg(R)Uay(S)
— Also: Joins can be re-ordered! (RUS)XT = (RXT)U(SXT)

« Note that this is not an exhaustive set of operations
What about sorting and joins?

This simple set of tools allows us to greatly improve the
execution time of queries by optimizing RA plans!

We next illustrate with an SFW (Select-From-Where) query

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 191
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An example: SQL to RA to Optimized RA

R(A,B) S(B,C) T(C,D)

SELECT R.A,T.D

FROM R,S,T

WHERE R.B
and S.C
and R.A

S.B
T.C
10;

AT

i RA

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 193
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An example: SQL to RA to Optimized RA

Heuristic: have selection and projection earlier +o
have fewer (or smaller) "intermediate" tuples

R(A,B) S(B,C) T(C,D)

T 2. Root node
A,D =
SELECT R.A,T.D | duery results
FROM R,S, T G acig
WHERE R.B = S.B |
and 5.C = T.C N 2. Other vnodes
<

and R.A 10; \ are operators
in RA Dé T(C,D)
/ \ 1. Leaves are

T[A,D (O-A<1O(T X (R X S))) R(A,B) S(B,C) base relations

Query tree [ expression tree [
computation tree [ data flow graph

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 194
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An example: SQL to RA to Optimized RA

Heuristic: have selection and projection earlier +o
have fewer (or smaller) "intermediate" tuples

R(A,B) S(B,C) T(C,D)

1. Push doww selection on A

g p
SELECT R.A,T.D i
FROM R,S,T G A<10
WHERE R.B = S.B |
and S.C = T.C >
and R.A <

4w
mRA / \ T(C,D)
TA D (0@ (R X S))) R(A,B)  S(B,C)

Pushivng down may be suboptimal if selection condition is very expensive (€.9. running sovme ivmage
processing algorithm). Projection conld be numecessary effort (but more rarely).

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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An example: SQL to RA to Optimized RA

Heuristic: have selection and projection earlier +o
have fewer (or smaller) "intermediate" tuples

R(A,B) S(B,C) T(C,D)

1. Push doww selection on A

Tty p
SELECT R.A,T.D
FROM R,S, T ‘
WHERE R.B = S.B
and S.C = T.C >
<

and R.A 10; \\
mRA >é T(C,D)

/" \

TTa D (T X (O‘A<1OR X S)) GA|<1O S(B,C)
R(A,B)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 196
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An example: SQL to RA to Optimized RA

Heuristic: have selection and projection earlier +o
have fewer (or smaller) "intermediate" tuples

R(A,B) S(B,C) T(C,D)

1. Push doww selection on A

Tta,D T pc

SELECT R.A,T.D " d .
FROM R,S,T 2. Push down projection ‘
WHERE R.B = S.B

and S.C = T.C >

and R.A < 10; \\
74p (T 2 (Ga<10R 20 5)) Orcto S(BO)

R(A,B)

T .

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 197
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An example: SQL to RA to Optimized RA

Variable Eliminatiow!

R(A,B) S(B,C) T(C,D)

TTg D T o
SELECT R.A,T.D |
FROM R,S,T
WHERE R.B = S.B /
and S.C =T.C
and R.A < 10; T[A,C T g
inRA > T(C,D)
ta,D (T M 7TA,C((7A<10R M 5)) GA|<10 5(8,C)
T, T R(A,B) Iw general, when is an

o . attribute wot needed?
We now eliminate B earlier

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 198
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Algebra and the connection to logic and queries

* Equivalence RA and safe RC (Codd's theorem)



"Clear" variables*

Formula with clear variables : each quantifier "has its own variables" &
each variable has only free or only bound occurrences

V. 3y.R(%,v,2) A =3x S(v, %)

? which variables are free or bound?

* "Clear variable" is a non-standard term used in excellent slides on logic by Marie Duzi: http://www.cs.vsb.cz/duzi/
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 216
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"Clear" variables*

Formula with clear variables : each quantifier "has its own variables" &
each variable has only free or only bound occurrences

notice operator precedence: 3 before A:
V. Hy@(x’ Y Zﬂ/\ 23x.5(y, X\) VX3 [R(xY,2) JA-IX[S(Y,X)]
bound free bound

Not “clear”: Two X's and y's are
different variables.

? how +o make i+ "clear”

* "Clear variable" is a non-standard term used in excellent slides on logic by Marie Duzi: http://www.cs.vsb.cz/duzi/
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 217
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"Clear" variables*

Formula with clear variables : each quantifier "has its own variables" &
each variable has only free or only bound occurrences

notice operator precedence: 3 before A:
vy R(/}y’ wy’ X\) VXY [R(xY,2)IA-X[S(4,x)]
bound free bound

Not “clear”: Two X's and y's are
different variables.

vx. 3y.R(%,v,z) A =3u.S(v,u) now “clear”
{(z,v) | vx.3v.R(%,v,2) A =23u.S(v,u)} Now a dquery. But how to
make i+ domain-independent -

* "Clear variable" is a non-standard term used in excellent slides on logic by Marie Duzi: http://www.cs.vsb.cz/duzi/
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 218
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"Clear" variables*

Formula with clear variables : each quantifier "has its own variables" &
each variable has only free or only bound occurrences

notice operator precedence: 3 before A:
vy R(/}y’ w},’ X\) VX3 [R(xY,2) JA-IX[S(Y,X)]

bound free bound Not “clear”: Two X's avd \'s are
differewt variables.
vx. 3y.R(%,v,z) A =3u.S(v,u) now “clear”
s+ R(s,t,2) A Ip.S(p,v) A
{(z,v) ||Vx.3y.R(x%,y,2) /\_tlEIu. S(v,u)} Now a duery. But how to

make i+ domain-independent

* "Clear variable" is a non-standard term used in excellent slides on logic by Marie Duzi: http://www.cs.vsb.cz/duzi/
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 219
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"Clear" variables*

Formula with clear variables : each quantifier "has its own variables" &
each variable has only free or only bound occurrences

notice operator precedence: 3 before A:
vy R(/}y’ w},’ X\) VX3 [R(xY,2) JA-IX[S(Y,X)]

bound free bound Not “clear”: Two X's avd \'s are
different variables.
vx. 3y.R(%,v,z) A =3u.S(v,u) now “clear”
As,+R(s,F2) A Ip.S(p,v) A
{(z,v) | l#.-él—y:—REx,—y,—zﬂ-/\j:Elu. S(v,u)} Now & duery. But how +o
vx.[AwAR(x,w, ) — IyR(xy.2)] make i+ domain-independent

* "Clear variable" is a non-standard term used in excellent slides on logic by Marie Duzi: http://www.cs.vsb.cz/duzi/
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 220
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Repeated variable names

In sentences with multiple quantifiers, distinct variables do not need
to range over distinct objects! (cp. homomorphism vs. isomorphism)

? Which of the following formulas imply each other?

Vx.Vy. E(x,y) Vx. E(X,X)

dx.dy. E(x,y) dx. E(x,x)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 222



https://northeastern-datalab.github.io/cs7240/

Repeated variable names

In sentences with multiple quantifiers, distinct variables do not need
to range over distinct objects! (cp. homomorphism vs. isomorphism)

Assume DOM = {1, 2.3: s |t
1

Q)

Vx.Vy. E(x,y) = VX. E(X,X) T2
2|1
(2]2)
dx.dy. E(x,y) = Ix. E(x,x) E
\ % S t
— 1112

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 223



https://northeastern-datalab.github.io/cs7240/

Repeated variable names

In sentences with multiple quantifiers, distinct variables do not need
to range over distinct objects! (cp. homomorphism vs. isomorphism)

Assume POM = @ ;

Vx.Vy. E(x,y) = Vx. E(x,X)
. o E
b — V(lDOvi\{@:; dovvlmwn S U .
ptyl Dom # @

dx.dy. E(x,y) = dx. E(x,x) %

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 224



https://northeastern-datalab.github.io/cs7240/

E)(a Im p | e RC% RA Person(id, name, country)
Spouse(id1, id2)
Q: ?

In DRC:
{ | 3z,w. Person(x,z,w) A Vy.|=Spouse(x,y)] }

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 225
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Example RC—>RA

Q: "Find persons without a spouse”

In DPRC:

Person(id, name, country)
Spouse(id1, id2)

{X | 3z,w. Person(x,z,w) A Vy.|=Spouse(x,y)] }

ITnRA: @
?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Exam P le RC—>RA Person(id, name, country)

Spouse(id1, id2)

{ dz,w. Person(x,z,w) A Vy.|=Spouse(x,y) }

{ dz,w. Person(x,z,w) A —=3y.[Spouse(x,y) }
T,4Person — 1,4;Spouse
mgPerson — pigiiq (g1 Spouse)

Recall: nvamed vs ordered perspective

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 227



https://northeastern-datalab.github.io/cs7240/

Example RA>RC for R(X,Y) =+ S(Y)

{ x| 3z [R(x2)| A Vy[S(Y) = R(xy)]}
{ x| 3z.|R(x,z)] A =3v.[S(v) A =R(x%,v)] }

T RA: @
?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Example RA>RC for R(X,Y) =+ S(Y)

Iv PRC:

{ x| 3z [R(x2)| A Vy[S(Y) = R(xy)]}
{ x| 3z.|R(x,z)] A =3v.[S(v) A =R(x%,v)] }

TvRA: @

M, R — m,((m,R X S) —R)

Translation back wmto PRC: @

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Example RA>RC for R(X,Y) =+ S(Y)

In DPRC:
Ux |3z |R(z2)[ A VY [S(Y) = R(xy)] } _
(<1 3Z[REDIA T[S ARG
& &
InRA: @ ) ,R\JX/_\R
R (R - >N
& *

Travnslation back wnto PRC: @
{x|3z.[R(x2)] A =3v.[3z.[R(x,2)] AS(v) A =R(x,y)] }

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 230
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Equivalence Between RA and Domain-Independent RC

CoDD'S THEOREM:
RA and domain-independent RC

have the same expressive power.

More formally, on every schema S: The proof has +wo directions:
1. For every RA expression E, thereis a RASRC:
domain-independent RC query QO s.t. O =E by induction on the size
o of +the RA expression
2. For every domain-independent RC query (), RC-SRA: F

there is an RA expression Es.t. Q =E more involved

See also: https://en.wikipedia.org/wiki/Codd%27s_theorem
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 231
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Algebra and the connection to logic and queries

» Algebra

* Relational Algelbra

— Operators
— Independence
— Power of algebra: optimizations

» Equivalence RA and safe RC (Codd's theorem)
- RA —- RC
- RC — RA

232



RA = DRC: Intuition Tutuition: §x |Fv[RxY)T A FULS(xv)]3
e Construction by induction contrast with: éX 'HW\ER(X,\/{)] A\ HZ/\[S(X,'L‘/)]E

* Key technical detail: need to maintain a mapping b/w attribute names and variables

QM) «—RM*,2),S(1,2)
y=2_ 4Y=3

RA expression | DRC formula ¢ Here, ¢, is the formula constructed for expression E;

R (n columns) | R(Xy,...X,)

E; XE,
E;UE,
E, — E;
Ty,,..4. (E1)

oc(Ep)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 233
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RA — . Intuition Tutuition: §x |Fv[RxY)T A FULS(xv)]3
° Construction by induction COVI’l’MlS'l’ Wl'H/]\ éX la\/{\ER(X,\/{)] /\ HZ/\[S(X,ZJ)]E
e Key technical detail: need to maintain a

RA expression

Here, @, is the formula constructed for expression E;

R (n columns)

E; XE,
E;UE,
E, — E;
Ty,,..4. (E1)

oc(Ep)

R(Xy,..0X,)

OIANOR variables (rename)

b,V b, use variables (rename) VUroy CrnreaTiB(E
$; A =P, use variables (rename)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 234
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RA — DRC: Intuition

Tutuition: §x |Fv[RxY)T A FULS(xv)]3

e Construction by induction contrast Wl'H/L éX '3\/{\[’20(,\/{)] /\ HZ/\[S(X,'L‘/)]}
* Key technical detail: need to maintain a mapping b/w attribute names and variables

RA expression

DRC formula ¢ Here, ¢; is the formula constructed for expression E;

R (n columns)
E, X E,
E,UE,
E, — E;

T, .4 (B,

R(Xy,X,,)

(

(

b, A ¢, disjoint variables (rename)

b, V ¢, use identical variables (rename)

$; A =, use identical variables (rename)

31X,...3X,,. &; where X4, ..., X, are the variables not among Ay, ..., Ak

oc(Ep)

q)/\\ Correspondence wore natural with
1\ C

project-away operator: m_,. 4 (Eq)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 235
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— : Example R=+S R(AB) S(B)

Mapping

R

T, (R)

S

T, (R)XS

(m,(R)XS) — R

1, ((mA (R)XS) — R)

A (R) —
1, ((mA (R)XS) — R)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

237



https://northeastern-datalab.github.io/cs7240/

— : Example R=+S R(AB) S(B)

Mapping
R R(x,z) ,Z:R.B
T, (R) 37.R(x, z)
S S(v)

T, (R)XS

(m,(R)XS) — R
1, ((mA (R)XS) — R)
m,(R) —
1, ((mA (R)XS) — R)

238
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RA = DRC: Example R+S

R(AB) S(B)

RA DRC Mapping
R R(x%,z) x:R.A, 2:R.B
M, (R) 3z.R(%,z) X:R.A
S S(y) y:S.B
T, (R)XS Elz.E{(X, DIAS() e | xRA, yiSB
(1, (R)XS) — R 32.R(%,2) A S(7) A =R(%, V) :R.A, y:S.B
nA((nA(R)xS) —R) 3y. [3z.R(%,2) AS(V) A =R(%,v) ] x:R.A

T[AR

ﬂA((m@xS) @

EZ.@X, Z) N\ X's veed +o be same variabl
—3y. [Elz %,2) AS(V) A _I@(, V) ]

Jy's don'+ need +o be same variable

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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— : Example R=+S

(¢ ] 32(R%2)] A ~3y.[3

This is the DRC expression for relational division that we saw earlier.

(¢ 32[RExz)] A -3y S(7) A ARG}

Claim: there is no logically equivalent RA expression that uses the table R only twice.

For details see: "On the Reasonable Effectiveness of Relational Diagrams: Explaining
Relational Query Patterns and the Pattern Expressiveness of Relational Languages",
SIGMOD'24. https://arxiv.org/pdf/2401.04758

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Algebra and the connection to logic and queries

» Algebra

* Relational Algelbra

— Operators
— Independence
— Power of algebra: optimizations

» Equivalence RA and safe RC (Codd's theorem)
- RA - RC
- RC - RA

244



— - Intuition

Proof (Sketch):

« Show first that for every relational database schema S, there is a
relational algebra expression E such that for every database
instance D, we have that (D) = E(D).

— Tip: just the union of all columns

e« Use the above fact and induction on the construction of RC formulas
to obtain a translation of RC
to RA.

Based on Phokion Kolaitis' "Logic and Databases" series at Simons Institute, 2016. https://simons.berkeley.edu/talks/logic-and-databases
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 245
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— RA: Intuition E(A,B)

e In this translation, the most interesting part is the simulation of the
universal quantifier V in relational algebra

uses the logical equivalence: Vy.p = P,

Based on Phokion Kolaitis' "Logic and Databases" series at Simons Institute, 2016. https://simons.berkeley.edu/talks/logic-and-databases
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 246
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— RA: Intuition E(AB)

e In this translation, the most interesting part is the simulation of the
universal quantifier V in relational algebra

uses the logical equivalence: Vy.d = —3y. =

e As anillustration, consider: Vv.E(x,y) = ?

Based on Phokion Kolaitis' "Logic and Databases" series at Simons Institute, 2016. https://simons.berkeley.edu/talks/logic-and-databases
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 247
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— RA: Intuition E(AB)

e In this translation, the most interesting part is the simulation of the
universal quantifier V in relational algebra

uses the logical equivalence: Vy.d = —3y. =

e As anillustration, consider: Vv.E(x,y) = —=3v. =E(x, v)
and recall: (D)= 7

Based on Phokion Kolaitis' "Logic and Databases" series at Simons Institute, 2016. https://simons.berkeley.edu/talks/logic-and-databases
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 248
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DRC — RA: Intuition E(A,B)

e In this translation, the most interesting part is the simulation of the
universal quantifier V in relational algebra

uses the logical equivalence: Vvy.¢ = —3y. =
e Asanillustration, consider: Vv.E(x,y) = —3y.=E(x, v)

and recall: | ADom(D)= 1, (E)UTtt;(E)

DRC formula ¢ | RA expression for ¢padom

—-E(¢, v)
Jy. =E(x, V)
—3y. =E(x,v) ?

Based on Phokion Kolaitis' "Logic and Databases" series at Simons Institute, 2016. https://simons.berkeley.edu/talks/logic-and-databases
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 249
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— RA: Intultion

E(A,B)

e In this translation, the most interesting part is the simulation of the
universal quantifier V in relational algebra

uses the logical equivalence: V. =

e As an illustration, consider:

—|E|y.—|(|)
Vyv.E(x,y) = =3y. =E(x,v)

and recall:

(D)= m,(E)UT; (E)

RA expression for ¢adom

—E(, )
Jy. =E(x, V)
—3y. =E(x,v)

Pa(
ﬂlg T, [pa(

pa( (D)) — 1, lpa(

¢
(!

D)) X pg(
D)) X pg(

(

D)) X pg(

Based on Phokion Kolaitis' "Logic and Databases" series at Simons Institute, 2016. https://simons.berkeley.edu/talks/logic-and-databases
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/

(D)) —E
(D)) — E]
(D)) —E]
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Entire Story in One Slide (repeated slide)

1. RC=FOL over DB

2. RC can express “bad queries” that depend not only on the DB, but also on
the domain from which values are taken

3. We cannot test whether an RC query is “good,” but we can use a “good”
subset of RC that captures all “good” queries

4. “Good” RC and RA can express the same queries!

Based on material by Benny Kimelfeld and Oded Shmueli for 236363 Database Management Systems, Technion, 2018.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 254
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Discussion

« What is the monotone fragment of RA ?

?

« What are the safe queriesin RA ?

?

« Where do we use RA (applications) ?

?

Source: Dan Suciu, CSE 554, 2011.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 255
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Discussion

« What is the monotone fragment of RA ?
— Basic (-): U, o, m, X

« What are the safe queriesin RA ?

?

« Where do we use RA (applications) ?

?

Source: Dan Suciu, CSE 554, 2011.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Discussion

« What is the monotone fragment of RA ?
— Basic (-): U, o, m, X

« What are the safe queriesin RA ?

— All RA queries are safe

« Where do we use RA (applications) ?

?

Source: Dan Suciu, CSE 554, 2011.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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Discussion

« What is the monotone fragment of RA ?
— Basic (-): U, o, m, X

« What are the safe queriesin RA ?

— All RA queries are safe

« Where do we use RA (applications) ?
— Translating SQL (from to )
— Directly as query languages (e.g. Pig-Latin)

Source: Dan Suciu, CSE 554, 2011.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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EXAMPLE 1. Suppose we have a table urls: (url,
category, pagerank). The following is a simple SQL query
that finds, for each sufficiently large category, the average
pagerank of high-pagerank urls in that category.

SELECT category, AVG(pagerank)
FROM urls WHERE pagerank > 0.2
GROUP BY category HAVING COUNT(*) > 10°

An equivalent Pig Latin program is the following. (Pig
Latin s described in detail in Section 3; a detailed under-
standing of the language is not required to follow this exam-

ple.)

good_urls = FILTER urls BY pagerank > 0.2;
groups = GROUP good_urls BY category;
big_groups = FILTER groups BY COUNT(good_urls)>10°;
output = FOREACH big_groups GENERATE
category, AVG(good_urls.pagerank);

Source: Olston, Reed, Srivastava, Kumar, Tomkins . Pig Latin -- a not-so-foreign language for data processing. SIGMOD 2008. https://doi.org/10.1145/1376616.1376726
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 259
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EXAMPLE 1. Suppose we have a table urls: (url,
category, pagerank). The following is a simple SQL query
that finds, for each sufficiently large category, the average
pagerank of high-pagerank urls in that category.

} COUNT(*x) >

BY pagerank > 0.2;
ls BY category;

output = FOREACH big_groups GENERATE
category, _urls.pagerank) ;

Source: Olston, Reed, Srivastava, Kumar, Tomkins . Pig Latin -- a not-so-foreign language for data processing. SIGMOD 2008. https://doi.org/10.1145/1376616.1376726
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grouped_data: (group, results, revenue)

results:
(queryString, url, rank)

(lakers, nba.com, 1)
(lakers, espn.com, 2)
(kings, nhl.com, 1)
(kings, nba.com, 2)

.—>
. (kings,
( K1Nngs, {(kings,

revenue:
(queryString, adSlot, amount)
(lakers, nba.com, 1, top , 50)
(lakers, top, 50) — (lakers, nba.com, 1, side, 20)
(lakers, side, 20) (lakers, espn.com, 2, top, 50)
(kings, top, 30) JOIN (lakers, espn.com, 2, side, 20)
(kings, side, 10) L.

Figure 2: COGROUP versus JOIN.

grouped_data = COGROUP results BY queryString,

revenue BY queryString;

(lakers, nba.com, 1)
(}akerS, (lakers, espn.com, 2)
COGROUP

nhl.com, 1)
nba.com, 2)

(lakers, top, 50)
(lakers, side, 20)

(k1ngs top, 30)
(kings, side, 10)

ldistributeRevenue

(nba.com, 60)
(espn.com, 10)
(nhl.com, 35)

(nba.com, 5)

For more, see:
https://pig.apache.org/docs/r0.17.0/basic.html

3.5.2 JOIN in Pig Latin

Not all users need the flexibility offered by COGROUP. In
many cases, all that is required is a regular equi-join. Thus,
Pig Latin provides a JOIN keyword for equi-joins. For ex-
ample,

join_result = JOIN results BY queryString,

revenue BY queryString;

It is easy to verify that JOIN is only a syntactic shortcut
for COGROUP followed by flattening. The above join command
is equivalent to:

temp_var = COGROUP results BY queryString,
revenue BY queryString;
FOREACH temp_var GENERATE

FLATTEN(results), FLATTEN(revenue);

join_result =

Source: Olston, Reed, Srivastava, Kumar, Tomkins . Pig Latin -- a not-so-foreign language for data processing. SIGMOD 2008. https://doi.org/10.1145/1376616.1376726
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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