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Pre-class conversations

e Last class recapitulation
e Please keep on pointing out any errors on the slides

e Project discussions
« Where we are

e today:
— Algebra (cont), Codd's theorem

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 46
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Topic 1: Data Models and Query Languages

e Lecture 1 (Tue 1/18): Course introduction / SQL / PostgreSQL setup / SQL Activities
e Lecture 2 (Fri 1/21): SQL

e Lecture 3 (Tue 1/25): SQL

e Lecture 4 (Fri 1/28): SQL, Logic & Relational Calculus

e Lecture 5 (Tue 2/1): Logic & Relational Calculus

e Lecture 6 (Fri 2/4): Relational Algebra & Codd's Theorem

 Lecture 7 (Tue 2/8): Relational Algebra & Codd's Theorem / Datalog & Recursion

e Lecture 8 (Fri 2/11): Datalog & Recursion

e Lecture 9 (Tue 2/15): Alternative Data Models

Pointers to relevant concepts & supplementary material:

o Unit 1. SQL: [SAMS'12], [CS 3200], [Cow'03] Ch3 & Ch5, [Complete'08] Ché, [Silberschatz+20] Ch3.8

o Unit 2. Logic & Relational Calculus: First-Order Logic (FOL), relational calculus (RC): [Barland+'08] 4.1.2 &
42.1 & 4.4, [Genesereth+] Ché6, [Halpern+'01], [Cow'03] Ch4.3 & 4.4, [Elmasri, Navathe'15] Ch8.6 & Ch8.7,
[Silberschatz+'20] Ch27.1 & Ch27.2, [Alice'95] Ch3.1-3.3 & Ch4.2 & Ch4.4 & Ch5.3-5.4, [Barker-Plummer+'11]
Ch11

o Unit 3. Relational Algebra & Codd's Theorem: Relational Algebra (RA), Codd's theorem: [Cow'03] Ch4.2,
[Complete'08] Ch2.4 & Ch5.1-5.2, [Elmasri, Navathe'15] ChS8, [Silberschatz+"20] Ch2.6, [Alice'95] Ch4.4 & Ch5.4

o Unit 4. Datalog & Recursion: Datalog, recursion, Stratified Datalog with negation, Datalog evaluation
strategies, Stable Model semantics, Answer Set Programming (ASP): [Complete'08] Ch5.3, [Cow'03] Ch 24,
[Koutris'19] L9 & L10, [G., Suciu'10]

o Unit 5. Alternative Data Models: NoSQL: [Hellerstein, Stonebraker'05], [Sadalage, Fowler'12], [Harrison'16]
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Commuting functions: a digression

« 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/

Side-topic
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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-topic
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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

Variant 1 | Variant 2 | Ratio Var%ant !
Variant 2
North 20 10 20/10=2
South 10 20 10/20=0.5

AVG = 1.25 + 25%

Variawt 1 1s on average 25
better across North avd South

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

Side-topic

O

51


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

RA Operators are Compositional, in general

Student(sid,sname,gpa) How do we represent

this query in RA7

FROM Student
WHERE gpa > 3.5

SELECT DISTINCT sname, gpa ?
D

52



RA Operators are Compositional, in general

Student(sid,sname,gpa)

SELECT DISTINCT sname, gpa [lsname gpa(Ogpa>3.5(Students))
FROM Student j>
WHERE gpa > 3.5

Ggpa>3.5 (Hsname,gpa (StUdentS))

Which of those two variants is correct? ;
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RA Operators are Compositional, in general

Student(sid,sname,gpa)

SELECT DISTINCT sname, gpa [lsname gpa(Ogpa>3.5(Students))
FROM Student j>
WHERE gpa > 3.5

Ggpa>3.5 (Hsname,gpa (StUdentS))

Both are correct: logically equivalent ©
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Relational Algebra (RA) operators

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

Cartesian Product: x

Union:

CEEE

Difference:

o Auxiliary (or special) operator
6. Renaming: p ("rho")

e Derived (or implied) operators
7. Joins X< (natural, theta join, equi-join, semi-join)
8. Intersection / complement

9. Division



3. Cross-Product (X)

o Each tuple in R with each tuplein S
« Notation: R xS
e 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:

56
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3. Cross-Product (X)

o Each tuple in R with each tuplein S
« Notation: R xS
e 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
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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 @

|
a)>

ssh p6a%; address sid

e gpa

1234545 John [216 Rosse| 001 John 3.4

5423341 Bob—1247/Resse+—001 John 3.4
<$234545 John—246-Resse+—002 Bot 23 4

5423341 Bob [216 Rosse| 002 Bob 1.3

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 59
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Relational Algebra (RA) operators

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

Projection:

Union: U

1
2
3. Cartesian Product:
4
5. Difference: -

o Auxiliary (or special) operator
6. Renaming: p ("rho")
e Derived (or implied) operators
7. Joins X< (natural, theta join, equi-join, semi-join)

8. Intersection / complement

9. Division



4. Union (U) and 5. Difference (—)

s GO
=K &
« Examples:

— Students U Faculty
— AlIINEUEmployees — RetiredFaculty

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

What about the union of ?
Student and Faculty?

Difference also sometimes written with "\", thus as R\S
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 61
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4. Union (U) and 5. Difference (=) | Actor (aid, fname, Iname)
Play (aid, mid, role)

Other example: find actor ids
RUS who don't play in any movie:

o
= @ ?

« Examples: .
— Students U Faculty
— AlIINEUEmployees — RetiredFaculty

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

n-—colle@c

What about the union of Nol Owly makes sense if R and S are
Studewt and Faculty? "compatible”, thus have the same schemal

Difference also sometimes written with "\", thus as R\S
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 62
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4. Union (U) and 5. Difference (=) | Actor (aid, fname, Iname)
Play (aid, mid, role)

Other example: find actor ids
RUS who don't play in any movie:

R-S @ T4 (Actor)—m,;,(Play)

« Examples:
— Students U Faculty
— AlIINEUEmployees — RetiredFaculty

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

n—colle@c

What about the union of Nol Owly makes sense if R and S are
Studewt and Faculty? "compatible”, thus have the same schemal

Difference also sometimes written with "\", thus as R\S
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 63
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Relational Algebra (RA) operators

e Auxiliary (or special) operator
6. Renaming: p ("rho")
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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,

« Several existing conventions:
gpa AS gradePtAvg

ps(R) S vew table name FROM Student

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

pS(Al_’Bl""'An_’Bn) (R) If attribute names,

Pa,—B,,..A,—B, (R)  votorder matters f?

PB,,...By, (R)

Alternative to "— " is the substitution symbol "/ ", e.g. B;/A; same as A; = B;
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 65
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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 new table name FROM Student

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

« Several existing conventions:

R) . .
Ps(A1-B1,...An—Bn) (R) if attribute names,
Pa,—B,,..A,—B, (R)  votorder matters

PB,,...By, (R)

Alternative to "— " is the substitution symbol "/ ", e.g. B;/A; same as A; = B;
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 66

Pstudld,name,gradePtAvg (StUdent)



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

6. Why we need renaming

R S

A B C D

1 2 2 6

3 4 4 7 8
9 10 11

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

o|h|N|m

10

11

R

A

1 2

3 4
R xS
A |RB |[sB |cC D
1 2 2 6
1 2 4 7 8
1 2 9 10 11
3 4 2
3 4 4 7 8
3 4 9 10 11

But what if we had R xR?

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

R
A B —[
1 2
3 4
R xS
A |RB |[sB |cC D
1 2 2
1 2 4 8
1 2 9 10 11
3 4 2
3 4 4 7 8
3 4 9 10 11
But what if we had R xR?

B D

2

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

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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6. Named vs Unnamed perspective on a Graph

c 9 Q: Nodes that have a grand-child {1,2}
23 )
A:

In RA:

?

Wl |(NN| R W»
DI W N

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 72
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6. Named vs Unnamed perspective on a Graph

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

1,
I. In RC:
(2) (3) { x| Ay,z.[A(xy) A A(y,z)]}

{ x| 3yzuw.[A(y2) A A(uw) A z=u A y=x]}

In RA:

?

Wl |(NN| R W»
DI W N

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 73
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6. Named vs Unnamed perspective on a Graph

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

(@
In RC:
I

{:

In RA:

Wl |(NN| R W»
DI W N

dy,z.|A(x,y) A\ A(y,Z)]} "wnnamed"
3y,zuw.[A(y,2) A A(uw) Az=u A y=x]}

?

- n n
named

Il (O'T=52 (Axps_ s (A)) named perspective

? unamed perspective

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 74
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6. Named vs Unnamed perspective on a Graph

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

(1)@
I. In RC:
@ 6 >eC { x| y,z.[A(xy) A A(y,z)]} "wmamed"

{ x| 3yzuw.[A(y2) A A(uw) A z=u A y=x]}
TKC { q(S) | 3al,a2€eAlal.T=a2.S A a1.S=q.S]}

"named"

In RA:

Tlg (UT=52 (A XPs-552 (A)) named perspective

Wl |(NN| R W»
DI W N

g1 (Tga—g3(AxA)) umamed perspective

/ :
$2 was used in Ulman’s old textbook. Often just written as "my(0,-3(A%A))". A more
recent database textbook uses "2 = 3" for “$2=%$3" which aets confusivg for “$2=3"...

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 75
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Another example 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/ 76
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Another example Employee(id, name, salary)

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

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

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 77
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Relational Algebra (RA) operators

Derived (or implied) operators
7.

Derived relational operators:
« can be expressed in basic RA; thus vot needed

But enhancing the basic operator set with derived
operators is a good idea:

* Queries become easier +o write/understand/maintain
* Easier for DBMS +o apply specialized optimizations
(recall +he conceptual evaluation strategy)

Joins <! (natural, theta join, equi-join, semi-join)

\

we discuss later v class in detail

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

Company(cid, cname, stockprice, country)

 Notation: RS S5QL
SELECT pname, price, category,

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

- Meaning: RX S =11, (0 c=sc(R % S)) ?
- Meaning: R S =11, g(ccp(oc—p(R) X S))
* The rename p._p renames the shared attributes in one of o

the relations
* The selection o-pchecks equality of the shared attributes
* The projection I1, g eliminates the duplicate common
attributes

79



7a. Natural Join ()

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: R S =11, (0 c=sc(R % S))
Meaning: R S =11, ,g(ccp(pc—p(R) X S))

The rename p._,p renames the shared attributes in one of
the relations

The selection oy checks equality of the shared attributes

The projection I1, g eliminates the duplicate common
attributes

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. Natural Join ()

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
, can also be written as R S

share attributes

Natural join in basic RA:

- Meaning: RX S =11, (0 c=sc(R % S))
- Meaning: R S =11, g(ccp(oc—p(R) X S))

* The rename p._p renames the shared attributes in one of

the relations

* The selection o-pchecks equality of the shared attributes
* The projection I1, g eliminates the duplicate common

attributes

Product(pname, price, category, cid)
Company(cid, cname, stockprice, country)

sQL

WHERE P.cid= C.cid

SQL (alternative syntax)

SELECT *
FROM Product
NATURAL JOIN Company

U

RA:

Product ~x Company

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



7a. Natural Join (): an alternative perspective

R

joined tuple

Figure 15: Joining tuples

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

R<xS={rUs|reRANseS N 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
constraint is omitted, and R and S have no common attributes,
then the natural join becomes exactly the Cartesian product.

Sources: Garcia-Molina, Ullman, Widom. Database Systems -- The Complete Book (2nd ed, international ed), 2014. http://infolab.stanford.edu/~ullman/dscb.html,

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
R4S pe-e(R) X S
A |E B C D
1 < 2 5
? H—2 4 7 8
= H—2 9 10 |11
T3 L g — 5 6
3 (4l [ 7 8
3 4 9 1y 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/

36


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

7a. Natural Join (4): An example

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

IMagcp(orp=sB(R X S)) =
AR gcp(OrB=sB(R X S)) =
agcp(os=e(pp-£e(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 6
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 (): 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/ 88
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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/ 89
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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/ 90
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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/ 91
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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

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 92
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/b. Theta Join (™)

e Ajoin that involves a predi

cate

Ry >R, = op(R1XR;)

0 ("theta") can be any condition

« No projection: #attributes
= sum #attributes in input

o Example: band-joins for ap
matchings across tables

AnonPatient (a p, disease)
a0, 30

Voters (name,

in output
Note +hat vatural joiv is
a theta join + a selection

Prox.

Assume relatively fresh
data (withiv 1 year)

|
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/
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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
- 0 ("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 (age, zip, disease) | Assume relatively fresh 0
Voters (name, age, zip) data (within 1 year)

A [><]P.zip=V.zip /\@age>=v.age -1 A P.age<=V.age +NV
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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
- 0 ("theta") can be any condition WHuERelg g SOpIe
« No projection: #attributes in output
=sum #attrlbUtES |n InpUt Note that VIﬁ‘i'MY'ﬁIjOiVI 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 \%
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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: ?
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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 manufacturer=cnam 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 conmection with a watural join? ;

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/ 107
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Example: Converting SFW Query -> 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?

mp ?

108



Example: Converting SFW Query -> 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?

j> nga,address(o-gpa>3.5(5 X P))
nga,address (nga>3.5 A\ S.name=P.name (SXP))

nga,address (O-gpa>3.5 /A name=name?2 (Sxpname—mamezp))
109



Some Exam P les Supplier(sno,sname,scity,sstate)

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

Name of supplier of parts with size greater than 10

?

Name of supplier of red parts or parts with size greater than 10

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 110
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Some Exam P les Supplier(sno,sname,scity,sstate)

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

Name of supplier of parts with size greater than 10

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

Name of supplier of red parts or parts with size greater than 10

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 111
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Some Exam P les Supplier(sno,sname,scity,sstate)

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

Name of supplier of parts with size greater than 10

Trsname(supp“er > Supply > (Gpsize>10 (Part)) o R as frect >

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

Name of supplier 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/ 112
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Some Exam P les Supplier(sno,sname,scity,sstate)

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

Usnally unary or bivary. Think of:
o abstract syntax trees

Answer
: : : * bivary expression trees |
Name of supplier of parts with size greater than 10 . parse trees nsnrme
ﬂsname(opsize>10(supp“er [><]éupp|y X Part)) Representation o
: of RA as tree? N
Trsname(suppller > Supply > (Gpsize>10 (Part)) > o Supplier

d

. . . Opsize >10 Supp|y
Name of supplier of red parts or parts with size greater than 10 |

. 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 113
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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")
o Derived (or implied) operators
7. Joins DX (natural, theta join, equi-join, semi-join)
8. Intersection / complement

9. Division

114



8. What about Intersection 17

e As derived operator using union and minus

5 R S

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 115
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8. What about Intersection 17?

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

e Derived operator using minus only!

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 118
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8. What about Intersection 17

o As derived operator using union and minus

RNS=((RUS)-(R-5))-(S-R) >
RNS=(RUS)-((R-S)U(S-R))
e Derived operator using minus only! <

RNS-= S - (S-R) SN(S_R>

e Derived using join

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 119
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8. What about Intersection 17?

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

e Derived operator using minus only!

RNS= S - (S-R)

e Derived using join

RNS=RXS

Schemas wveed +o be compatible:
not

R(ABC)

S(AB)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 120
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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")
e Derived (or implied) operators
7. Joins X< (natural, theta join, equi-join, semi-join)
8. Intersection / complement

9. Division

122



9. Division (R =+ S)

o Consider two relations R(X,Y) and S(Y) X, \ are sets of attributes
e ThenR = Sis...

What counld be a meaningful defivition of division ?

Compare +o Iuteaer division: F/2=3

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 123
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9. Division (R =+ S)

o Consider two relations R(X,Y) and S(Y) X, \ are sets of attributes
e Then IS ...
— ... the largest relation T(X) s.t. , Or (safetV: T € mR)
— ... the relation T(X) that contains the X's that occur with all Y'sin S
Dividend Divisor
R S T
Alice 1 1 g
Alice 2 2
Bob 1 3
Bob 2
Bob 3

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 124



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

9. Division (R + S)

o Consider two relations R(X,Y) and S(Y) X, \ are sets of attributes
e Then IS ...
— ... the largest relation T(X) s.t. , Or (safetV: T € mR)
— ... the relation T(X) that contains the X's that occur with all Y'sin S
Dividend Divisor
R S T
Alice 1 1 | Bob |
Alice 2 2
Bob 1 3
Bob 2
Bob 3

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 125
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9. Division: More formal Definition

e Legalinput: (R,S) such that R has all the attributes of S and more

« R=Sis the relation T with:
— The header of R, with all attributes of S removed
— Tuple set {t[X] | t[X,Y]eR for all s|Y]€S}

Notice the differewt notation for projection here
(+[X] instead of +X).

Also mivor abuse of wotation, since the attributes
in X need wot vecessarily come before those of Y

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

Studies Course

sid student course S m _ f?
1 Alice Al : ML -
1 Alice DB | |

2 Bob DB

2 Bob Y course I 9.
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/ 127
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Questions

Studies Course recall set semantics for RA
sid student course | m _ m
1 Alice Al N ML — 2 Bob
1 Alice DB | | 3 Charly
2 Bob DB
2 Bob Y course I m
3 Charly Al B Al - 3 Charly
3 Charly DB DB | | |
3 Charly ML ML

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

(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/ 128
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Questions

Studies Course recall set semantics for RA

sid student course | m _ m

1 Alice Al N ML — 2 Bob

1 Alice DB | | 3 Charly

2 Bob DB

2 Bob Y course I m

3 Charly Al B 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 renamivg) and S has 100 tuples, how ?
(RXS)+S = R many tuples can be in R+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/ 129
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Questions

Studies Course recall set semantics for RA

sid student course | m B sid  student |

1 Alice Al - ML | 2 Bob

1 Alice DB | | 3 Charly

2 Bob DB

R . o e

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 renamivg) and S has 100 tuples, how O . / D
(RXS)+S = R mawny tuples can be in R+S7?

Q: IR has 1000 tuples
and S has 1001 tuples, how O
(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/ 130
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Questions

Studies CourseType

sid student course

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/ 131
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Questions

Studies CourseType

sid student course
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/ 132
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How to write R=S in Primitive RA? (x,—, 1)

]

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

(N[O

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 133
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How to write R=S in Primitive RA? (x,—, 1)

?

u (

N =~ |=<<|W

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

1<

4:{a}=1{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 = S=0Q
R(XY) + S(Y) X|y| ¥ X
al0 1 a
lal1] |2
al?2
1< 1
TR X S LN
Each X of Rw/ each Y of S “Eiz

4:{a}=1{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) =

1
o | X (O

N =~ |=<<|W

14
(m,RxS) —R JEIED
Each X of Rw/ each Y of S \ 2

(XY) s.t. Xin R, Yin S, but (XY) not in R :
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) =

1
o | X (O

N =~ |=<<|W

14
T[X( (m,RxS)—R ) |Lbl1
Each X of Rw/ each Y of S \ 2

(XY) s.t. Xin R, Yin S, but (XY) not in R :
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) =

1
o | X (O

N =~ |=<<|W

1<
R — T[X( (R xS) —R ) LK)
Each X of Rw/ each Y of S \ 2

(XY) s.t. Xin R, Yin S, but (XY) not in R :
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

(N[O
N O

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

RCGY) = S(Y)

oo oo | X]|X
(N[O

R — m,((mRxS)—R)

Recall: {+[X] | +[X,Y]1€R for all s[Y]€S3

Now you see why we needed the safet condition "T € 1;R" whew
defining "R + S as the largest relation T(X) s+.S X T €R"

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(%,Y) = S(V)

InRA:

Iv PRC: ? h

oo oo | X]|X

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 141
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R=S In Primitive RA vs. RC

R = S =
R(XY) = S(Y) X|Y| v
al0 1
lal1] |2
TnRA: a|2
b

Iv PRC: h

{0 [3Z[RELD] A ? }

X is "guarded": safe and thus domain indepevdent

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(X’Y) - S(Y) XY Y X
all 1 9
f al 2
InRA: 15
TR — T[X((T[XR XS)—R ) * b1
b2
Ty pRc. what if S(Y)=0 7 ? (b2

{ X |3ZJRCLD | AVY[S(Y) » ROL) ] }

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(XY) + S(V) X|Y| Y

al0 1

lal1] |2
TnRA: ) a|2
TR — T[X((T[XR X S) —R ) ILINE
b |2
Ty pRe:  what if S()=0 7 R

{ X |3ZJRCLD | AVY[S(Y) » ROL) ] }
? 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 =+
R(XY) + S(Y) X;
al
InRA: a2
R — 1, ((mRxS)—R) |[olt]
b |2

Ty PRC:  What if S(Y)=0 7
{ EZ.[R( ,Z)] N\ VY. [S(Y) — R( ,Y)] }
{ X |3ZJRCLD | AAY[S(Y) A =R, ] }

In TRC:
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R=S In Primitive RA vs. RC

R = S§$=Q
R(XY) = S(Y) X\vy Y, |X
alo 1 a
lal1] |2
TnRA: a|2
TR — T[X((T[XR X S) —R ) | LN
b |2

Tw TRL. what if S(V)=0 ?
{ X |3ZJRCLD | AVY[S(Y) » ROL) ] }

{ X |3ZJRCLD) A AY S(Y)/\—uR(XY) 2 oL
In TRC: X
{rA|EIrER | Ases. Ar,eR.[r,.B= sB/\rZA r.A)

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

Tn SQL R = 5=1Q
XY Y X
SELECT DISTINCT R.A
FROM R a0y |1 |[a
WHERE not exists ( al1 2
SELECT 2| 2
FROM S < N
WHERE not exists ( e
SELECT \ b2
FROM R AS R2? T
WHERE R2.B=S.B
AND R2.A=R.A))
In TRC

{ rA | 3reR [ AseS.|Ar,eR.[r,.B=s.B A1, A=rA)] }

Wolfgang Gatterbau nciples of scalable data management: https://northeastern-datalab.github.io/cs7240/ 147



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

Parentheses Convention

« We have defined 3 unary operators 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.
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