Updated 1/31/2023

Topic 1: Data models and query languages
Unit 3: Relational Algebra (RA)
Lecture /

Wolfgang Gatterbauer
CS7240 Principles of scalable data management (sp23)

https://northeastern-datalab.github.io/cs7240/sp23/
1/31/2023

77


https://northeastern-datalab.github.io/cs7240/sp23/

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 2/17: project ideas)

e today:
— Algebra: independence and 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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Algebra and the connection to logic and queries

* Relational Algebra
— QOperators
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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/ 80
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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))

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 81
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Relational Algebra (RA) operators

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

« Derived (or implied) operators (recall the conceptual evaluation strateqy)

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

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

most important
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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 |

— 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/ 85
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7a. Natural Join (): an alternative perspective

R

S

A

We only want to pair those tuples that match in some wav.

L C

joined tuple

Figure 15: Joining tuples

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

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
constraint is omitted, and R and S have no common attributes,
then the natural join becomes exactly the Cartesian product.

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
pB—)E(R) XS
H

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 87
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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=

[Tar gco(OrB=s (R X S)) =
[Magcp(oe-e(P5-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
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/ 91
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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/ 92
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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/ 93
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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/ 94
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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/ 95
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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 #attrlbUtES |n InpUt Note that VIﬁ‘l'MY'ﬁIjOiVI s
a theta join + a selection

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

AnonPatient (a 9\9 Zgi disease) | Assuwme relatively fresh
Voters (name, a data (within 1 year)

|
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 96
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/b. Theta Join (™)

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

« A join that involves a predicate

SQL:
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 vatural join is J L

a theta join + a selection

« Example: for approx. RA-

matchings across tables f?

AnonPatient (a %g 7}? disease) | Assuwme 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/ 97
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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 VIﬁ‘i'MY'ﬁIjOiVI s @

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/ 98
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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/ 102
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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 conmection with a watural join? ;

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

\P3(x,,2,x): —R(x,¥),5(2,2),T(z,w) |

v

RS J B 5
ReducedR:| AB BC

In -Fe——=1
tuples that ; =2l 5
111
o o 0 o
Effective if 1) the size of joiv attribute B (or vun ; j
is simaller than A and C, and 2.) few tuples from R n -2¢

%, ICDE 2022 tutorial: hitps: datalab github. i ive-dbms-tutorial

T
CD
Ouly 1 single output tuple!
oo
=21
=522
-’M"--\_z n -- Query 1
select =
into recordl
from R natural join 5 natural join T;
w=1,000: tg=1.4 sec
w=2000: tg=6Asec O(nZ) ®

= at- hitps://github.com/northeastern-datalabics3200-activities/tree/master/sql
- " ; i

DE 2022 tutorial: https://

talab githb terial

___' Semi-joins can also help if data are local

With 52 as
SELECT *
FROM S
WHERE 5.B in
(SELECT R.B
FROM R) ),
53 as
SELECT *
FROM 52
WHERE S2.C 1in
SELECT T.C
FROM T))
select a, b, ¢, d
into recordz
from R natural join 53

tq2=5 msec
to=0 msec  (

* includes techniques like two-way semijoins

' The more general idea: "Sideways information passing"

Sideways information passing: Q= (RmpS)mcT

* "sending information from one subexpression not
simply to its parent expression, but also to some
other correlated portion of the query computation,

in order to prune irrelevant results" [Ilves, Taylor 08]

ABCD

‘ query plan
1

e D
."ili/ \n-”.
/ T(CD)
i

[Bernstein, Goodman 81] and magic sets [Beeri,
Ramakrishnan 91]

n+l 2n+1
R(AB)  S(BC)
https/fdol.ong/10,1016/0743- 1066(91]150038-0
cessing”, ICOE 2008 hitps://doi.org/10.1109/ICDE. 2008 4497486
https./ b 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/

04


https://northeastern-datalab.github.io/cs7240/
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_P3a9zTYPSNLwbqOAx&v=toi7ysuyRkw
https://doi.org/10.1109/ICDE53745.2022.00299
https://northeastern-datalab.github.io/responsive-dbms-tutorial/

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/ 105
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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/ 106
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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/ 107
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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/ 108
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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/ 109
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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

: tat
TshamelSupplier DI Supply X< (046510 (Part)) ffwzr,:f:ﬁ@g 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/ 110
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Some Exam P les Supplier(sno,sname,scity,sstate)

Part(pno,pname,psize,pcolor)
Supply(sno,pno,qty,price)
Usually unary or bivary. Think of:

* abstract syntax trees anewer
* bivary 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 QMPM /N\
: R tati
Trsname(suppller > Supply X (Gpsize>10 (Part)) 0_:;}:26:_‘,?6;” g = Supplier

d

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

. Part
Trsname(suppller > Supply X (0 psize>10 (Part) U 0pco|or='red' (Part))) °

. ()
Trsname(suppher X SUpply X (0 psize>10 V pcolor="red' (Part))) ONO

Expression tree of the ex prassion =
(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 111
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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 L 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(((O-F'Ioc:altic>n=‘Stafford’(PRO-l ECT))
P Dnum=Dnumber(DEPARTM ENT)) o Mgr_ssn=Ssn(EMPLOYEE))

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

vtermediate results \/
l i (1)
nov-leave vo 65_/" G P.Plocation= ‘Stafford’ DEPARTMENT

= operators
leaves = base relations ———— ( 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
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 12
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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: moved to T3-U1])
8. Intersection / complement

9. Division

113



8. What about Intersection N7

e As derived operator using union and minus

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 114
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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/ 115
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8. What about Intersection 17

e As derived operator using union and minus

5 (RUS) - (R-S) - (S°R) R S

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 116
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8. What about Intersection 17

e As derived operator using union and minus )

(R v §>“<@~§)U@)> C

ey
8(*51):3

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 117
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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!
?

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

RNS=((RUS)-(R-5))-(S-R) >
RNS=(RUS)-((R-S)U(S-R))
e Derived operator using 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

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 RAB.C)
S(AB)

TfR and S have the same schema,
then R B S amd R X S equal to R N S

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: moved to T3-U1])
8. Intersection / complement

9. Division

121



9. Division (R = S)

« Consider two relations R(X,Y) and S(Y) X, Y are sets of attributes
. Then R = S is . Legal input: att(R) 2 at+(S)

What counld be a meaningful defivition of division ?

Compare +o Inteaer division: 7/ 2@

2 is the biggest integer that multiplied with 2 is swmaller or edqual +o 7

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 122
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9. Division (R =+ S)

o Consider two relations R(X,Y) and S(Y) X, \ are sets of attributes
. Then R = S is . Legal input: att(R) 2 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/ 123
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9. Division (R =+ S)

o Consider two relations R(X,Y) and S(Y) X, \ are sets of attributes
. Then o Legal input: att(R) 2 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
— A0 | Ws(Y)eS.[Tr(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/ 124
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9. Division (R =+ S)

o Consider two relations R(X,Y) and S(Y) X, \ are sets of attributes
. Then o Legal input: att(R) 2 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
— A0 | Ws(Y)eS.[Tr(X,Y)eR]} (+ safety)

R Dividend S Divisor T

X Y Y
Alice
Alice

Bob
Bob
Bob

X

Bob

1
2
3

WINIFLPIN|F-

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 125
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Questions

Studies Course
sid | student | course | | course | _ f?
1 Alice Al : ML -
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/ 128
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Questions

Course

course

ML

course

Al

DB

Studies
sid | student | course
1 Alice Al
1 Alice DB
2 Bob DB
2 Bob ML
3 Charly Al
3 Charly DB
3 Charly ML

ML

AssumeR,S have disjoint attribute sets (possibly by revaming)

(RxS)=S = ?

(RxS)+R = 2

recall set semantics for RA

sid student
2 Bob
3 Charly
sid student
3 Charly

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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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 - 3 Charly
3 Charly DB DB
3 Charly ML ML
Q: TR has 1000 tuples
Assume R,S have disjoint attribute sets (possibly by renamivg) and S has 100 +uples, how ?
(RXS)+S = R many tuples can be in R+S7? .
Q: TR 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/ 130
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Quest|ons ~ L
/\S*ﬁ%s\ TN Course recall set semantics for RA

sid | student | course | = | course| _ | sid | student
1 Alice Al | ML - 2 Bob
1 Alice BB \/tfwh\ 3 Charly
o 2 Bob DB
//70” 2 Bob ML | course | | sid | student
3 Charly Al ' Al - | 3 Charly ?@
3 Charly DB —DBB—— =%
3 Charly ML rb® ML — ?

Q: TR has 1000 tuples
Assume R,S l/m\m disjoint attribute sets (possibly by revaming) and S has 100 +uples, how O / D

(@ S = many tuples can be in R+S7?

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

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 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/ 132
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Questions

Studies CourseType

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/ 133
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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/ 134
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How to write R=S in Primitive RA? (x,—, 1)

?

u (

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) | Vs(Y)eS.[Ar(XY)e€R]3 (+ safety)

Now you see why we needed the safety condition "T < mR" 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/ 144
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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 = §=0Q
R(X,Y) + S(Y) x[Y| Y] [x
alo 1 a
lal1] |2
TnRA: a|2
TR — T[X((T[XR X S) —R ) | LN
b |2
In DRC: T

{ 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) Lefr]
b |2

In PRC:
{ X | 3Z.[RCLD| AVY[S(Y) = RG] }
{ X 3ZIRCLD A AY[S(Y) A =R S

In TRC:

148
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R=S In Primitive RA vs. RC

R = §=0Q
R(CLY) =+ S(Y) v X
alo 1 a
al 2
TnRA: < a2
R — 1, ((mRxS)—R) Lefr]
b |2
In DRC: |

3Z.[RCLZ)| AVY.[S(Y) = R(LY)]

{
{ X |3ZJRCLD) | A AY[S(Y) A|-RCL) }
(oA | 3reR [ ses | ? -

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 = §=0Q
R(X,Y) + S(V) XY [v] [x
al0 1 a
al 2
TnRA: a2
R — 1, ((mRxS)—R) |[olt]
b2
In PRC: |

3Z.[R(4Z)] AVY.[S(Y) - R 3

!
{ X1 3Z[RCD]ABY[S) AFRCODT 2 s
Im{‘mc |E|reR[Z'|seS ﬂrzeR [rZY s.Y A, X=rX]|]}

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

Tn SQL R = 5=Q
XY Y X
SELECT DISTINCT R.A
FROM R a0y |1 |[a
WHERE not exists ( ali 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:

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

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 151
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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.
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 152
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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

168



5 Primitive Operators

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

Set Difference (-)
Cross Product ( %)

A A

Ts this a well chosewn set of primitives? ?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 169
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5 Primitive Operators 3D 27

1. Projection (n) . ;,ff‘ c
. b b
2. Selection (o)
3. Union (U) independent not independent
4. Set Difference (-)
Ny X () ;(sn“ %) 2
5. Cross Product ( %) ) (e Ee NV T
( \,
Ny \k{’") L A f/l\/ﬁ;y\%ca
. L _ _
— ' l( ~ }( B ’

Ts this a well chosewn set of primitives?

Conld we drop an operator "without losing anything"?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 170
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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 7, 0,%, U, —;

Proof:

« Separate argument for each of the 5 (For each operator, we need to discover a
property that is possessed by that operator, but 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/ 171
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Recipe for Proving Independence of an operator o

1. Fix a 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, since operators compose

4. Find an expression yp 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/ 172
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Concrete Example: Proving Independence of Union U

1. Fix aschema Sand aninstance DoverS 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)), TaA(@1(D)), @1(D) X @y(D), @1(D)-¢,(D),

4. Find an expression yp 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/
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Algebra and the connection to logic and queries

— Power of algebra: optimizations

175



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/ 176
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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

in RA

?

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 178
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An example: SQL to RA to Optimized RA

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

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

T 2 Root vode
A,D =
SELECT R.A,T.D | duery results
FROM R,S,T -
WHERE R.B = S.B |
and 5.C = T.C N 2. Other vodes
<

and R.A 10; \ are operators
inRA 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/ 179
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An example: SQL to RA to Optimized RA

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

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

1. Push down 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 <

10; / \

TTA D (0A<10 T x (R ™ S)) R(A,B)  S(B,C)

Pushing down may be suboptimal if selection condition is very expevsive (e.9. rumming some image
processing algorithwm). Projection could be unvecessary effort (but wmore rarely).

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

180


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

An example: SQL to RA to Optimized RA

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

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

1. Push down 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; \\
I RA >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/ 181
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An example: SQL to RA to Optimized RA

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

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

1. Push down selection on A

Tta,D T pc

SELECT R.A,T.D nd oot
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/ 182
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An example: SQL to RA to Optimized RA

Variable Elimination!

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

Tta,D L
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
nRA >~] T(C,D)
ta,D (T M 7TA,C((7A<10R M 5)) GA|<10 5(8,C)
T, T R(A,B) In geveral, whew is an

o . attribute vot needed?
We vow eliminate B earlier
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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 by Marie Duzi: http://www.cs.vsb.cz/duzi/
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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 precedevce: 3 before N
V. HYE(X’ ) Zﬂ/\ —3x.5(y, X\) VX3 [R(xM2)IA-3X[S(YyX)]
bound free bound

Not “clear”: Two X's and \'s are
differewt variables.

? how to make i+ "clear”

* "Clear variable" is a non-standard term used in excellent slides by Marie Duzi: http://www.cs.vsb.cz/duzi/
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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 precedevce: 3 before N

V. 3y.R(x, v,2) A =3x%.S(y, %) VX 3Y R(xM,2 ) IA-TIX[S ()]

oo~

bound free bound Not “clear”: Two X's and v'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 duery. But how

+to make i+ domain-independent =

* "Clear variable" is a non-standard term used in excellent slides by Marie Duzi: http://www.cs.vsb.cz/duzi/
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 202
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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

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

oo~

bound free bound

vx. 3y.R(%,v,z) A =3u.S(v,u)

RO_2)A S(V) A

{(zV) | W{—Eﬁﬁfy—ﬂ/\jjﬂu S(v, 1)}

V. ER(X,_,_) _)’R(X,_,ﬁ/)]

* "Clear variable" is a non-standard term used in excellent slides by Marie Duzi: http://www.cs.vsb.cz/duzi/

notice operator precedence: 3 before N
VX3 [R(xM2)IA-3X[S(YyX)]

Not “clear”: Two X's and \'s are
differewt variables.

now “clear”

Now a dquery. But how
+o make it domain-independent

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 203
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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 precedevce: 3 before A
vy R(/}y’ wy’ X\) VX3 [R(xM,2)IA-3X[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”
s+ R(s,t,2) A Ap.S(p,v) A
{(z,v) | 17'9(.—5%%66,7,—29‘/\—&?311. S(v,u)} Now a duery. But how
VX [FwARWA) — FYRKM2)] +o make it domaiv-independent

* "Clear variable" is a non-standard term used in excellent slides by Marie Duzi: http://www.cs.vsb.cz/duzi/
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https://northeastern-datalab.github.io/cs7240/
http://www.cs.vsb.cz/duzi/

Repeated variable names

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

? which of +he 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/ 205
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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)

Assume POM = {14, 2.3 st
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
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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)

Assume POM = Q@ .

Vx.Vy. E(x,y) = Vx. E(x,X)
E
b — V(lDOlerl\{G‘lvf\ dov?aiw 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/ 207
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E)(a Im p | e RC% RA Person(id, name, country)

Spouse(id1, id2)

In DRC:
{ | 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/ 208
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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/ 209
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Example RA—>RC _
R(X,Y) =+ S(Y)

\|=l/

R —m,((mR X S) —R)

y

X 3ZIRGD) ) AVY[S(Y) > REEN)]
{ X |3ZRCLD) | A =3Y[S(Y) A =R, }

Wolfgang Gatterbauer . Principles of scalable data management . https ://northeastern -datalab github.io/cs7240 / 210
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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
. of the RA expressiov
2. For every domain-independent RC query (), RC-SRA: F

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

See also: https://en.wikipedia.org/wiki/Codd%27s_theorem
Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 211
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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

212



RA = DRC: Intuition Tutuition: éx |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/ 213
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RA — . Intuition Tutuition: éx |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/ 214
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RA — DRC: Intuition

Tutuition: éx |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_,.  a (Eq)
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— : Example R=+S R(AB) S(B)

Mapping

R

T, (R)

S

T, (R) XS

(mt,(R)XS) — R

1, ((mA (R)XS) — R)

m,(R) —
1, ((mA (R)XS) — R)

Wolfgang Gatterbauer. Principles of scalable data management: https://northeastern-datalab.github.io/cs7240/ 217
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— : Example R=+S R(AB) S(B)

Mapping

R R(x%,y) )
1, (R) 3y.R(x, v)
S S(z) 2:5.B

T, (R) XS

(mt,(R)XS) — R

1, ((mA (R)XS) — R)

m,(R) —
1, ((mA (R)XS) — R)
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https://northeastern-datalab.github.io/cs7240/

— : Example R=+S R(AB) S(B)

Mapping
R R(%,y)
1M, (R) Jy. R(x, V)
S S(z) 2:5.B
T, (R)XS 3 .E{( ,—,)B/\ S(7) , 2:5.B
(. (R)xS) — R (3y.R(x,v) AS(2)) A =R(x%,2) ,Z:S.B
T, ((mMA(R)XS) —R) | 3z|(3y.R(x,v) AS(z)) A =R(x,7) |
m,(R) — Jv. R(%,v) A
1, ((mA(R)XS) —R) | =3z[(3y.R(x,v) AS(z)) A =R(%,2) |
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— : Example R=+S R(AB) S(B)

This is the DRC expression we got by translating from RA:

{ |3 [R( ) )] /\_'HZ[3 [R( ) )/\S(Z)] /\_'R( ,Z)]}

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

{x[Fy[RCG, ] A =3z] 5(z) A-R(x2)];

Claim: there is no logically equivalent RA expression that uses the table R only twice.
For details see: https://arxiv.org/pdf/2203.07284
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