Relational Algebra/Calculus
Review

Lecture 7



Qutline

¥ Relational Algebra
¥ Relationa Calculus



Formal Relational Query
L anguages

Two mathematical Query Languages form the basis
for ealOlanguages (e.g. SQL), and for
Implementation:

I Relational Algebra: More operational, very useful
for representing execution plans.

' Relational Calculus: Letsusers describe what
they want, rather than how to compute it. (Non-
operational, declarative.)

# Undeastanding Algebrais key tounderstanding SOQL,
# and quey processing!
EEEES 0



Algebra Preliminaries

¥ A query is applied to relation instances, and
the result of aquery isaso arelation instance.

p Schemas of input relations for a query are fixed
(but query will run regardless of instance!)

p The schemafor theresult of agiven query isalso
fixed! Determined by definition of query language
constructs.



Example Instances

¥ (BailorsOand ReservesO sid |sname |rating age

_ S1 ==
rgftlonsfor our examples. 22 dustin | 7 450

31 |lubber | 8 95.5

sid bid day 58 |rusty 10 350
22 101 |10/10/96

58 1103 |11/12/96 s2|sid 'sname rating |age
28 'yuppy | 9 35.0
31 |lubber | 8 55.5
44 guppy @ S 32.0

o8 |rusty 10 35.0
B




Algebra Operations

¥ Look what we want to get from the
following table:

sid |sname rating |age
28 'yuppy | 9 35.0
31 |lubber @ 8 55.5
44 guppy @ S 32.0
28 rusty 10 |35.0




sname rating

Projection yuppy 9
lubber |8

¥ Deletes attributes that are not in guppy |5
projection list rusty 10

¥ Schemaf result contains exactly the
fields in the projection list, with the !
same names that they had in the
(only) input relation.

(&)

sname,rating

¥ Projection operator has to eliminate
duplicates (Why??) s
p Note: real systems typically d@n 35.0
do duplicate elimination unless 55.5
the user explicitly asks for it.
(Why not?) JU age(g)



Selection
¥ Selectsrows that gp|Sd |sname rating |age
satisfy selection 28 yuppy 9 1350
condition. 31411 lubber 2 22(5)
. . guppy -
¥ Noduplicatesin 58 | rusty 10 35.0
result! (Why?)
¥ Schema of result (S2)=
identical to schema of ' rating>8
(only) input relation.  [sid sname rating age

28 yuppy |9 35.0
58 rusty 10 32.0




Composition of Operations

¥ Resultrelation can be thimputfor another relational
algebra operation! Qperatorcomposition)

g2 |Sid |sname rating |age
28 'yuppy | 9 35.0
31 |lubber @ 8 55.5
44 guppy @ S 32.0
28 | rusty 10 |35.0

shame rating

yuppy |9
rusty |10

snameatlng( rating >8( 2)=




What do we want to get from two
relations?

'_?1 . sid 'sname rating age
sid |bid day 22 dustin | 7 45.0

5o i | |2 lape 8 s
58 |rusty 10 |35.0

What about\Who reserved boat 1017

Or: FInd the name of the sailor who reserved boat 101.



B T
Cross-Product

¥ Each row of Sl is paired wit

¥

N each row of R1.

Result schema has one field per field of S1 and
R1, with field names inherited.
sidl |sname |rating |age |[sid2 |bid |day

22 |dustin V4 45.0 22 101 |10/10/96

22 |dustin [ 45.0 58 |103 |11/12/96

31 |lubber 8 555 22 101 |10/10/96

31 |lubber 8 555 58 |103 |11/12/96

58 |[rusty 10 |35.0 22 101 |10/10/96

58 |rusty 10 |35.0 58 |103 |11/ 12/ 96

# Renaming operator (because naming conflict)

#(sid! sidl, Sl) " #(sid! sid2, Rl
I



Why does this cross product help

Query:Find the name of the sailor who reserved boat 101.

CP=9%sid! sidl, SI)" %sid! sid2, R

Result$ CP))

Snam& sidi=sid2 andbid =101

* Note my use ofdemporarrelation CP.



Another example
¥ Find the name of the sailor having the highest
rating.
AlIR :$rating A(ratlng >ratingA S2)

Resultz$ (S2! AlIR))

Snamg#rating <ratingA

Whai® in QResultD?

Does it answer our query?



B T
Union, Intersection, Set-Difference

¥ All of these operations sid sname rating age
take two input relations, 22 |dustin |7 45.0
which must be union- 31 |lubber |8 55.5
compatible: 58 |rusty 10 35.0
5 Same number of fidlds, |** 9UPPY 9 0.0
. A 28 |yuppy |9 35.0
p CorrespondingCrields D
have the same type. N
¥ What Isthe schema of sid 'sname |rating age
result? 31 lubber |8 55.5
sid 'sname rating age ||gg rusty |10 35.0
22 |dustin |7 45.0 QD
dl! R




Back to our query

¥ Find the name of the sailor having the highest
rating.
— Talol '
AlIR #rating A(ratlng. >ratingA S2)

Tmp=# S2' AlIR))

Sid,SnamgBrating<ratingA(

|
Resu“:#Sname(#Sid,Snamc(eSZ)' Tmp)

*Why not project on Sidnly for Tmp?



Relational Algebra (Summary)

¥ Basic operations:

Slection (!') Selects asubset of rows from relation.
Projection (" ) Deletes unwanted columns from relation.
Cross-product (#) Allows usto combine two relations.
Set-difference (-) Tuplesinreln. 1, but not inreln. 2.
Union ( $ ) Tuplesinreln. 1andinreln. 2.

Rename ( %) Changes names of the attributes

¥ Since each operation returns a relatmperationscan be
composel(Algebra isClosed))

¥ Use of temporary relations recommended.

O T O O o O



Natural Join
¥ Natural-Join
S1>< R1=
sid |sname rating lage |bid |day
22 dustin |7 45.0 101 |10/ 10/ 96
58 rusty |10 35.0 (103 |11/ 12/ 96

¥ Result schemsimilar to cross-product, but only one copy of
each field which appears in both relations.

¥ Natural Join =Cross Product + Selection on common fields +
drop duplicate fields.




Query revisited using natural join

Query:Find the name of the sailor who reserved boat 101.

" /
Result Snamtgi bidlel(Sl >< RD))

Or

" /
Result SnaméSl s bidlel(R]))



Consider yet another query

¥ Find the sallor(s) who reserved all the

red boats.
R1 B
sid |bid day bid color
22 1101 |10/10/96 101 |Red
22 1103 |10/11/96 102 |Green
58 (102 |11/12/96 103 |Red




Start an attempt

¥ who reserved what boat: sd 1bid
22 (101
| —
Sl 'sid,bid(RD 22 103
58 (102
¥ All the red boats: o

=" / =
S2 bid(' color:red(B)) 18:1,)




Division
¥ Not supported as a primitive operator, but useful for
expressing queries like:
Find sailors who have reserved all red boats.

¥ Let Sl have 2 fields, x and y; &2 have only fieldy:
5 Sl = %4>g|forall ly) In R2 (thereexistsxy) in Rl) :

p I.e.,S1/S2contains all x tuples (sailors) such that foreveryy
tuple (redboal) in S2, there is anxy tuple in S1 (i.e, X reserved

y).

¥ Ingeneral, x and y can be any lists of fields; y isthe list of
fieldsin &2, and x$ y isthe list of fields of Sl.



Examples of Division A/B

sno pno
sl |pl
sl |p2
sl [p3
sl |p4
s2 |pl
s2 |p2
s3 |p2
A4 p2
A4 |p4
A
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Bl
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Find names of sailors wkie reserved boat
#103

¥ Solution 1: Reserves))> Sailors

/
snamél’ pig=104

$ Solution 2: T 1 R
" bid —103( v )

TemR=Temp@>< Sallors
Result=! . h&TeM)

. o " .
$ Solution 3: ! gnamel hid = 103(Reserv&s>< Silors))



Find names of sailors whre reserved a
red boat

¥ Information about boat color only available

INn Boats; so need an extrajoin:

! " >< > Sailor
snamel( color =t ed,Boats) Reserves>< Sailors)

$ A more efficient solution:

/ / / " '
' snamel’ g d((. nid  color = red’ Boats) > Res)>< Sailors)

# A query optimizer can find this given the first solution!



EEN oaaaaaa.
Find sailors wh@e reserved a red or a gre

boat

¥ Can identify all red or green boats, then find

sallorsw
Temp

Result=!/

ho®e reserved one of these boats:

snamé

poats” Boat
color=red' Color:'green( 3

empboats< Reserves>< Sailorg

$ Can also define Tempboats using union! (How?)

s What happensif ! isreplaced by ! inthisquery?



Find sailors wh@e reserved a reshd a
green boat

¥ Previous approach won@work! Must identify
sailors whoQre reserved red boats, sailors
whoQe reserved green boats, then find the
Intersection (note that sid isa key for Sailors):

" /
Tempred- N d((. color="re d,(Boat3)>< Reserves)

Tempgreen” (Boatg)s< Reserves)

(¢ _
sid™ color='green
Result=" ¢y m&(Tempred Tempgreep< Sallorg



Find the names of sailors wie reserved al
boats

¥ Uses division; schemas of the input
relations to / must be carefully chosen:

Tempsids(/ d(R&serves))/ (! bi d(Boats))

sid,bi

Result! empsids< Sailorg

snaméT

s To find sailorswho®ereserved all OnterlakeChoats:

..... " /
/ bid ( bname:'Interlake'(BOCltS))



Summary

¥ Therelational model has rigorously defined query
languages that are ssimple and powerful.

¥ Relational algebrais more operational; useful as
Internal representation for query evaluation plans.

¥ Several ways of expressing agiven query; aquery
optimizer should choose the most efficient
version.



B T
Relational Calculus

¥ Comesintwo flavours. Tuplerelational calculus (TRC)
and Domain relational calculus (DRC).

¥ Calculus has variables, constants, comparison ops, logical
connectives and quantifiers.
p TRC Variables range over (i.e., get boundttmles
p DRC. Variables range ovelomain element&= field values).
p Both TRC and DRC are simple subsets of first-order logic.

¥ Expressionsin the calculus are called formulas. An
answer tuple is essentially an assignment of constants to
variables that make the formula evaluate to true.First-
Order Predicate Logic




Relational Calculus, con®

¥ Predicate: is a feature of language which you can use to
make a statement about something, e.g., to attribute a
property to that thing.

b Peter istall. We predicated tallness of peter or attributed tallness to
peter.

b A predicate may be thought of as akind of function which applies
to individuals and yields a proposition.
¥ Proposition logic is concerned only with sentential
connectives such asd, or, not.

¥ Predicate Logic, where a logic is concerned not only with
the sentential connectives but also with the internal
structure of atomic propositions.



B 4 T
Tuple Relational Calculus

¥ Query hastheform: {T | p(T)}

P p(T) denotes aformulain which tuple variable T
appears.
¥ Answer Isthe set of all tuples T for which
the formula p(T) evaluates to true.

¥ Formula isrecursively defined:

$ start with ssmple atomic formulas (get tuples
from relations or make comparisons of values)

$ build bigger and better formulas using the logical
connectives.




B T
TRC Formulas

¥ An Atomic formula is one of the following:
R& Rel
R.aopShb
R.a 0p constant
opisoneof <>=!,"#
¥ A formula can be:
b an atomic formula

bBAp p! g p" q wherep and g are formulas
D | R(p(R))where variable Risatuple variable
b ! R(p(R)where variable Risatuple variable




B T
Free and Bound Variables

¥ Theuse of quantifiers! Xand! Xinaformulaissad
to bind X in the formula.

b A variable that ishot boundisfree
¥ Let usrevigit the definition of a query:

D{T|p(N}

¥ There is an important restriction

N the variable T that appears to the left of *| Omust be
the only free variable in the formula p( 7).

N in other words, all other tuple variables must be
bound using a quantifier.



Selection and Projection

¥ Find all sallorswith rating above 7
{S| S&Sallors ' Srating > 7}

b Modify this query to answer: Find saillors who are
older than 18 or have arating under 9, and are called
@obO

¥ Find names and ages of sailors with rating above
7. {S| (Sl&Salors(Sl.rating > 7
' S.sname= Sl.sname
S.age= Sl.age)}
Note, here S is a tuple variable of 2 fields (i.e. {S} Is a

projection of sailors), since only 2 fields are ever mentioned
and Sis never used to range over any relations in the query.




I
Joins

Find sailors rated > 7 who(re reserved boat #103

{S| X Sailors' Srating>7"
(R(R&Reserves' R.sid = S.sid
' R.bid = 103)}

Note the use of ( to find atuple in Reservesthat joins
withCthe Sailors tuple under consideration.



Find the names of sallors who
have reserved ared boat

{P| (S&Salors (R &Resarves
(R.sid = Sisid * P.sname=S.sname” i
( B &Boats(B.bid=R.bid * B.color=0ed )}

{P| (S&Salors (R &Resaves ( B &Boats
(R.sid = Sssid A B.bid=R.bid »
B.color=0@edCP.sname=S.sname)}

Retrieve all sailotuplesS for which there exisiuplesR in
Reserves and B in Boats such thatdS= R.sid, R.bid = B.bid,

And B.color=®edd
EHEES 44— T



Find the names of sallors who
have reserved at least two boats

{P| (S&Saloars(R1 &Resaves ( R2 &Reserves
(S.sid = R1.sid * Rl.sid = R2.sid »
R1.bid ) R2.bid * P.sname=Ssname)}



EEE 000 .
Joins (continued)

Cind sailors rated > 7 who®e reserved boat # 103

{S| S&Sailors' Srating> 7'
(R(R&Reserves' R.sid = Ssid
' R.bid = 103)}

Cind sailors rated > 7 who®e reserved a red boat

{S| S&Sailors' Srating> 7"
(R(R&Reserves' R.sid = S.sid
' (B(B&Boats' B.bid = R.bid
' B.color = @edQ)}

¥ Observe how the parentheses control the scope of each

ﬂﬂiiﬁﬂﬁ Ri nﬂinﬂ. ‘ﬁ milﬂ ia ﬁL!I



B 0000 T
Division (makes more sense here???)

Find sailors who®e reserved all boats
(hint, use!)

{S| Sk Sailors'
* B&Boats (( R&Reserves
(S.sid = R.sid
' B.bid = R.bid))}

¥ Find all sailors Ssuch that for each tuple B In
Boats there is atuple in Reserves showing that
sallor Shasreserved It.



EEm—— ossssa——
Division Datrickier exampleE

Find sailors who ®e reserved all Red boats

{S| S&Sailors'
* B & Boats ( B.color = ‘red’ +
(R(R&Reserves' Ssid = R.sid
' B.bid = R.bid))}

Alternatively E
{S| S&Sailors'
* B & Boats ( B.color) ‘red’ |,

(R(R&Reserves' Ssid = R.sid
' B.bid = R.bid))}



a+ bisthe same asha. b

b ¥ If aistrue, b must be
T = true for the
implication to be true.

If aistrueandbis

a T - false, the implication
evaluatesto false.
E| T T ¥ If aisnot true, we
don@ care about b, the
expression is always
true.




Domain Relational Calculus

¥ Query has the form:
§<xlx2,...,xn>| pfg<xlx2,...,xn>%;

$ Answer includes all tuples <X:LX2’---’X”> that

make the formula p§<x],x2,...,xn>§ be true

$ Famulaisrecursively defined, starting with
simple atomic formulas (getting tuples from
relations or making comparisons of values),
and building bigger and better formulas using
thelogical connectives.




DRC Formulas

¥ Atomic formula;
P <XZLX2,...,XH>! Rname | orXY, or Xooconstant
isoneof <>=1" H#

¥ Formula:
p an atomic formula, or
p AP P! g P q,wherepandqgareformulas, or
p | X(p(X)),wherevariable X isfreein p(X), or
p | X(p(X)),wherevariable X isfreein p(X)



Free and Bound Variables

¥ Theuseof quantifiers ! Xand ! X inaformula
issaid to bind X.

p A variablethat is not bound isfree.
¥ Let usrevisit the definition of a query:

'§<xlx2,...,xn>| pfg<xlx2,...,xn>%;

$ Thereisan important restriction: thevariables
x1, ..., xn that appear to the left of | Omust be
the only free variablesin the formulap(...).




Find all sallors with arating above 7
PLNTALLNTAL salors” T>7;

¥ Thecondition (I,N,T,A! Sailors ensuresthat the
doman variables|, N, T and A are bound to fields of the
same Sailorstuple.

¥ Theterm (I,N,T,A to theleft of *|Gwhich should be
read as such that) says that every tuple <I JN,T, A> that
satisfies T>7 isin the answer.

¥ Modify this query to answer:

p Find sailors who are older than 18 or have a rating under 9, ¢
are calledJoeO



Find sailorsrated > 7 whoe reserved boat #103

%{I ,N,T,A>|<I ,N,T,A>" Saillors#T>7#
" Ir,Br,DE’ZIr,Br,D># Reserve$Ir=1$Br=103:
) .

¥ Wehaveused ! Ir,Br, D (...) asashorthand for

(1 Br (! D(.. )))

¥ Notetheuseof 3 tofind atuplein Reservesthat
“joins withGthe Sailors tuple under consideration.



Find sailors rated > 7 who(e reserved ared boat

§§<I’N’T’A>I<I,N,T,A>! Sailors" T>7"
! Ir,Br,D21r,Br,D " Reserves# Ir=1#

| B,BN,CE%B,BN,CV Boats# B= Br#C:'red"%'%Z

¥ Observe how the parentheses control the scope of
each quantifier@ binding.



Find sallors who have reserved a
least two boats

gl,N,T,A>\<|,N,T,A>" Sailors#
" Br],BrZ,DlDZfZI,BrlD1># Reserves$
<I,Br2,D2>" Qeserve#Br1$Br2§




Find saillors whoQe reserved dll
boats

g§|,N,T,A>|<|,N,T,A>! Sailors "
| B,BN,C%A%B,BN,Q " Boatsg #
5 &

*

¢l Ir,Br,D §<Ir,Br,D>" Reserves# | =Ir # Br:B'g'%%;
7 % (((:

¥ Find all sailors | such that for each 3-tupleB,BN,C)
either it Isnot atuple in Boats or thereisatuplein
Reserves showing that sailor | has reserved It.



EEm e
Find sailors whoe reserved all boats

(again!)

gl,N,T,A>|<I,N,T,A>! Sailors ™
! <B,BN,C> " Boats

" Ir,Br,D|# Reserved :Ir$Br:B§§
& & ).
¥ SiImpler notation, same query. (Much clearer!)



Find sailors whoe reserved al
RED boats

§<I,N,T,A>\<I,N,T,A>! Silors”

| |B,BN,C " Boats
(C="red" #Ir,Br.D|$ Reserved =Ir %Br=B:

Find all sailors such that, for every red boat, thergupkein
Reserves that shows the sailor has reserved it



B 000020 ..
Unsafe Queries, Expressive Power

¥ ( syntactically correct calculus queries that have an
Infinite number of answers! Unsafe queries.

De.g. S| AiS! Sailors’
: &

P Solution???? Ddido that!

¥ EXxpressive Power:

b every query that can be expressed in relational algebra car
expressed as a safe query in DRC / TRC,; the converse is ¢
true.

¥ Relational Completeness. Query language (e.g., SQL)
can express every query that is expressible in relational
algebra/calculus. (actualy, SQL is more powerful, as
we will seek )




Summary

¥ The relational model has rigorously defined query langubiges
simple and powerful.

¥ Relational algebra is more operational
b useful asinternal representation for query evaluation plans.

¥ Relational calculus is non-operational

D usersdefine queriesin terms of what they want, not in terms of how to
compute it. (Declarative)

¥ Several ways of expressing a given query
P aquery optimizer should choose the most efficient version.

¥ Algebra and safe calculus have sameressivepower
b leadsto the notion of relational completeness.



