Temporal and Spatial Data Management
Fall 2019

Sequenced Semantics
SL03

» Elements of the sequenced semantics
» Integration of the sequenced semantics into the DBMS kernel

» SQL implementation

TSDM19, SL03 1/34 M. Bohlen, ifiQuzh



Table of Contents

» Elements of the sequenced semantics
A1)» Snapshot reducibility
2') » Change preservation
2) » Extended snapshot reducibility
» Integration of the sequenced semantics into the DBMS kernel

» Algebraic operators
» Reduction rules

» SQL implementation

TSDM19, SL03 2/34 M. Bohlen, ifiQuzh



Literature

» A. Dignés, M. H. Bohlen, J. Gamper, C. S. Jensen, Extending the
Kernel of a Relational DBMS with Comprehensive Support for
Seguenced Temporal Queries, ACM Transactions on Database
Systems 41(4): 26:1-26:46, 2016.

TSDM19, SL03 3/34 M. Bohlen, ifiQuzh



Idea and Goal of Sequenced Semantics

» There is a close relationship between a@and a@al
database:

» the snapshot of a temporal relation at a time ¢ is a nontemporal
relation.
» All nontemporal statements can be evaluated at each snapshot of a
temporal database (“at each time point”)

» There should be a close relationship between a temporal and a
nontemporal statement:

» a temporal aggregation should resemble a nontemporal aggregation.
= — —

\ » With SQL this is not the case (remember temporal join versus join).
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Setup and Notations

> Relation schema: R(A1,...Apn, Ts, TE) p
> A, ..., A, are the explicit attributes |

» Ts, Te are temporal attributes

» Ts: valid time start |
» Tg: valid time end

» 2z"t2 denotes a tuple of arity n + 2

» We assume half open intervals: [Ts, Tg)
» We write T to refer to the period [Ts, Tg)
» tc TET5§t< Te
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The Timeslice Operator g

2011/2) 23
» The timeslice operator maps a temporal to a nontemporal relation. .

» Definition of the timeslice operator: {w-i?
@ = {zZM|3xcr(zA=xAANx.Ts <F<xTE}
Clol
> Example: checkoutl

CustID TapeNum T
c101 T3456 [19,20] '
C102 T1245 [20,22]

» Apply the timeslice operator at various ppints:

T18(checkoutl) = {}

T19(checkoutl) = {(C101, T3456)} .
_T20(checkoutl) = {(C101, T3456), (C102, T1245)}
T21(checkoutl) = {(C102, T1245)}
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Snapshot Equivalence

» Two temporal relations, r and s, are snapshot equivalent, r = s, iff
for all times t their snapshots are identical.

> Definition of snapshot equivalence: r = s iff Vt(7(r) = 7¢(s))
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Snapshot Equivalence

» Two temporal relations, r and s, are snapshot equivalent, r = s, iff
for all times t their snapshots are identical.

> Definition of snapshot equivalence: r = s iff Vt(7(r) = 7¢(s))

» Example: Two-day and four-day checkouts in the video example:

checkoutl checkout?2

CustID  TapeNum T CustiID TapeNum T
C102 T1245 [19,20] C102 T1245 [19,22]
C102 T1245 [21,22] Y

» Apply the timeslice operator at each time point:

T18(checkoutl) = {} T18(checkout2) = {}
T19(checkoutl) = {(C102, T1245)} T19(checkout2) = {(C102, T1245)}
To0(checkoutl) = {(C102, T1245)} To0(checkout2) = {(C102, T1245)}
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Snapshot Equivalence

» Two temporal relations, r and s, are snapshot equivalent, r = s, iff
for all times t their snapshots are identical.

> Definition of snapshot equivalence: r = s iff Vt(7(r) = 7¢(s))

» Example: Two-day and four-day checkouts in the video example:

checkoutl checkout?2

CustID  TapeNum T CustiID TapeNum T
Ci02 T1245 [19,20] # I cio 1245 [19,22]
C102 T1245 [21,22]

» Apply the timeslice operator at each time point:

T18(checkoutl) = {} T18(checkout2) = {}
T19(checkoutl) = {(C102, T1245)} T19(checkout2) = {(C102, T1245)}
To0(checkoutl) = {(C102, T1245)} To0(checkout2) = {(C102, T1245)}

» checkoutl and checkout?2 are snapshot equivalent.
» checkoutl and checkout?2 are syntactically different. l
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Snapshot Reducibility @

Snapshot reducibility reduces the semantics of temporal operators to the
semantics of the corresponding nontemporal operators.

)T is snapshot reducible to v iff forallt/ U‘°‘;f f {
‘Q\,—?‘mT(Rb ceey Rn)) =1 (Tt(Rl)v s aTt(Rn))
co ngh

Illustration of snapshot reducibility:

» D' = temporal DB
> Vti7 (7 (DT)) =(r(DT)) > T e {O.Tpﬂ_T 9T, xT,UT,—T)

)
hT T .
o v RT » R’ = temporal regult relation
‘ » 7, = spapgshot af time point t
Tt Tt T .
» D, = pndpshot of D' at time t
0

D, R, > e o, x,U -}
» R, = result relation at time t
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Reducibility of Temporal Operators Task 3.1

» For each non-temporal operator there is a snapshot reducible
operator:

» count at each point in time

» join at each point in time

» primary key at each point in time
» ranking at each point in time

» We write /7 for the snapshot counterpart of the relational algebra
operator ).

» Ex: A temporal count 7 corresponds to a nontemporal count ¥ at
each point in time.
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Reducibility of Temporal Operators
§23.4,5.0, RU31G8 =26, 121y

>

Task 3.1

For each non-temporal operator there is a(snapshot reducibl
operator: . )
» count at each point in time acoss ke [Dlo et Q’P‘J “T]

» join at each point in time ! hows 4 E““A asvalS,

» primary key at each point in time K
» ranking at each point in time Qd% < HML" tes O e
Nr. C 5' I IE]
We write )" for the snapshot counterpart of the relational algebra
operator ).

Ex: A temporal count ¥ corresponds to a nontemporal count ¥ at
each point in time.

Snapshot reducibility ensures a systematic generalization of all
nontemporal operators to temporal operators.
> D195UM - :>TD79;—UM -
> :[X]g...:}Me...
— (v
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' . SR afieg, @odh dles @l esdl Wy Pt
Data Lineage/1 % 4= <7t .7 IR o e He el
The lineage set, _L_[?JLT( Ri,..., Rn)l(z, t), of result tuple z at time t is

the set of witness lists of argument tuples, {{(r,...,m)}, ri € R;, from

which z is derived: L\-RCFE DLQQ-.JL\; Lo Yo Fep T”"‘"‘k < A Tﬂ_;rw{%

Llog (R)](z, 1) ={(r\|reRAzA=rAANtcr.T}
L[7g (R)](z,t) ={{r'|reRAzB=rBAtecr.T}
Llg? L (R)](z, t) ={{(r)|reRAzB=rBAter.T}
L[R —7 S](z,t) ={(r,L)|reRANzA=rANter.T}
L[R UT S](z,t) ={(r,)|reRAzA=rAANtcr.T}U
{{L,s)|s€eSANzA=s5s.ANtEs.T}

LR xT S](z,t) ={(rs)|reRANzA=rAANter.T A
seSNzC=sCAtes. T}

L[R >4 S](z,t) ={(r,L)|reRANzA=rAANteTr.T}
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Data Lineage/2 Task 3.2

Lo
Consider query Q = _%’!IL*)@: /
R D CNT T
N D B T z1 | CS 1 [1,4}{18 4 [4,2)
n| P CS 5K [1,6) z | CS 2 [4,6) s 1 (2,4)
rn| P, CS 6K [4,7) z|CS 1 [6,7) :
3| Ps MA 2K [1,3) zz | MA 1 [1,3)
—
For z;, z», and z3 and time points 3, 4, 5 and Q we get]%}e following
lineage set:: ol A"I 20sCHE
> L[DﬂCNT(*)(R)](Zlv3): {ri)} % Ceny ZooCHE
T _
> Lot Do (RN ) = L) ()} et
> L[DﬂZNT(*)(R)](zz, 5) = {_(_r_)_,ggl} Rty J, 2% <
> Llp¥ enr(s)(R)1(23,0) = {(r2) }
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. Task 3.3
Change Preservation @ s

We use lineage to preserve changes (start and end of intervals).
> {(DB,5K, [Feb, ul))} # {(DB, 5K, [Feb, Apr)), (DB, 5K, [apr, Jul))}

» makes a duration function natural

YT is change preserving iff Vz, 2 € )(Ry,...,R,):
Vt, t' € z.T(L(z,t) = L(z,t')) A

(zTs—1€Z.T=L(Z,zTs —1)#L(z,2z.Ts)) A
(zTE€eZ. T = L(Z,z.Tg)#L(z,2.Ts))
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Change Preservation @ Task 3.3

We use lineage to preserve changes (start and end of intervals).
» {(DB,5K,[Feb,Jul))} # {(DB, 5K, [Feb, Apr)), (DB, 5K, [Apr, Jul))}

» makes a duration function natural g)d\ ‘{'\Qe aeS\&\r‘ H[Cg

YT is change preserving (ff Vz, 2/ E IRy, ..., Ry):

2!
f,.:is LVt € z.T(L(z, t) = L(z,t')) A =
EA_,U\_\ (zTs—1€Z.T=L(Z,zTs —1)#L(z,2z.Ts)) A

\
Sowt (zTeeZ.T = L(Z,z.Tg)#L(z,2.Ts) e
\Paog >\ QHQ ¢

Cen Po CC-A_(AM 2 W=z
Change preservation permits facts that hold for an exftire interval but not
a subinterval. Intervals are not coalesced automgtically. o S\ (e

>7TE

Eljped
_ C&\
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y N k 3.4
@ Snapshot Reducibility Tas

We want to access time intervals in snapshot reducible operators.

P at each time point join long and short projects

—dee 2 CG?(?

»il [ @ndd
T is extended snapshot reducible iff for all ¢: call '} Un

re(0T(Ry, ..., Ry)) = WE(¢(ﬁ@), S ,m@).
For ¢ € {9, 0,7, x,X, 0L, D, > }, E = schema of wT(Rl,\. . Rn).

l

e
oy o}
wd el V)
MV\
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Extended Snapshot Reducibility Task 3.4

We want to access time intervals in snapshot reducible operators.

P at each time point join long and short projects

W’

is extended snapshot reducible iff for all t:
Tt(ﬁ)T(Rl, ooy, Rn) = me(¥(me(ey (R1)), - - -, me(eu,(Rn))))-

For o € {¥,0,7, x,X M, DT, >, >}, E = schema of ¥//(Ry, ..., Ry).

Extended snapshot reducibility supports snapshot reducibility and access
to timestamps (by propagating timestamps with the extend operator ¢).

» at each time point the average duration of externally funded

projects: ¥ e pur( (R)
T
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Integration of the Sequenced Semantics into the
DBMS Kernel

» Goal:

» Determine and implement in the DBMS kernel the functionality that
is required to offer support for the sequenced semantics (snapshot
reducibility + change preservation + extended snapshot reducibility).

» The sequenced semantics supports all features that have been
identified as important for processing time periods.

» Solution:

> New algebralc adjustment operators thatjfpllt periods into pieces,
such that snapshot reducible queries only need equality for T
comparison. —— S

» Possibility to\propagate and access the original timestamps |
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Algebraic Basis for Sequenced Semantics

» Solution is at the level of the algebra.
= Any language with a form of sequenced semantics is supported.

Q7 x,fff\@ﬁ @ — o

DBMS\%__ N

Dqud)Mj}iDd:} N Ol AnT€
> bt
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Temporal Query Processing

» To implement the sequenced semantics two new algebra operators
for the adjustment of periods are needed:

» Temporal normalization \/
» Temporal alignment ¢

» Adjustment respects the lineage.

» Reduction rules from temporal RA to nontemporal RA.
» “How to use the adjustment operators”

» Period propagation ¢ makes it possible to access the original
periods.

» Used for extended snapshot reducibility
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Temporal Adjustment

» The purpose of a temporal adjustment operators is to break periods
into pieces.

» Two temporal adjustment operators are required since there are two
classes of operators in relational DBMSs:
» One input tuple contributes to at most one result tuple per time
point.
= temporal normalization
Example: Aggregation

» One input tuple contributes to more than one result tuple per time
point.
= temporal alignment
Example: Joins
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Temporal Normalization/1

» Normalize splits each tuple in R with respect to the tuples in S
that match on the grouping attributes B.
,

R

81

T1

Ng(R,S) T,

» Algebra: Ng(R,S)
» R is split with respect to all relevant tuples in S.
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Temporal Normalization/2
» Number of contracts per department: D19£V6(DUR(-,—))(R)

R

N D T
rn | Joe DB [Feb, Jul)
rp | Ann DB [Feb, Sep)

r3 | Sam Al May, Oct)
%\ adjustment (disjoint)
N D T N D T N D T
Joe | DB  [Feb, Jul) Ann | DB [Jul, Sep) Sam | Al [May, Oct)
Ann | DB [Feb, Jul)

l Xnontemporal aggregation

CNT | D T CNT | D T CNT [ D T
2 l DB [Feb, gul) 1 l DB [gul, sep) 1 ‘ Al [May, Oct) }
CNT [ D T
2 DB [Feb, Jul)
1 DB [Jul, Sep)
1 Al [May, Oct)
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Temporal Normalization/2

» Number of contracts per department: D19£V6(DUR(-,—))(R)

R
N D T
r1 Joe DB [Feb, Jul)
Ann (Feb, Sep)
Sam | [M:X Oct)
\ adjustment (disjoint)
N D T
Joe DB [Feb /ul) Ann DB @Jl geo) Sam Al [May, Oct)
Ann | DB ({Feb, Jul)
V\v nontemporal aggregation
CNT | D T CNT | D T CNT | D T
2 DB [Feb, gul) 1 DB [gul, sep) 1 Al [May, Oct)
CNT | D T
2 DB [Feb, Jul)
1 DB [Jul, Sep)
1 Al [May, Oct)

» One input tuple contributes to at most one result tuple per month.
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Temporal Alignment/1

» Align splits each tuple in R with respect to each tuple in the group
of tuples in S that satisfy 6.

R r
| g | | o
; I P
f T, | | o
do(R,S) | e | T3 |

> Algebra: ¢pg(R,S)

» R is split with respect to each relevant tuple in S.
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Temporal Alignment/2

» Employees managed by manager: M X}y p—rp R

M R
M D T | N D T
my [ Tom DB [feb,Dec) | rp | Joe DB [Feb, Jul)
rp, | Ann DB [Feb, Sep)
r3 | Sam Al May, Oct)

adjustment (overlapping)

M D T M D T M D T
Tom | DB [Feb, Jul) Tom | DB [Feb, Sep) Tom | DB [Sep, Dec)
N D T N D T N D T
Joe | DB [Feb, Jul) Ann | DB [Feb, Sep)
l nontemporal left outer join \/
M D N T M D N T M D N T
Tom | DB Joe [Feb, Jul) Tom | DB Ann [Feb, Sep) Tom | DB w [Sep, Dec)
D N T

Tom | DB Ann [Feb, Sep)
Tom | DB Joe [Feb, Jul)
Tom | DB w [Sep, Dec)
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Temporal Alignment/2

» Employees managed by manager: M X}y p—rp R

M R
™ D T N D T
my [ Tom DB (Feb,Dec) | rp [ Joe DB [Feb, Jul)
rg Ann DB Feb, Sep)
Sam May, Oct)

/\Z\ adjustment (overlapping)
—
M D 7' S M D T
Tom | DB (Feb, Jul Tom DB {Feb, Sep Tom | DB [Sep, Dec)

N D T N D T N D T
Joe | DB [Feb, Jul) Ann | DB [Feb, Sep)
nontemporal left outer join \/
M D N T M D N T M D N T
Tom | DB Joe [Feb, Jul) Tom | DB Ann [Feb, Sep) Tom | DB w [Sep, Dec)

D N T

Tom | DB Ann [Feb, Sep)
Tom | DB Joe [Feb, Jul)
Tom | DB w [Sep, Dec)

» One input tuple contributes to more than one result tuple per
month. E.g., m; contributes twice to month Feb.
TSDM19, SL03 22/34 M. Bohlen, ifiQuzh



Reduction Rules

Operator Reduction

Selection ol (R) = 04(R)

Projection m5(R) = 7me1(NVB(R,R))

Aggregation gUL(R) = g 19r(NB(R,R))

Difference R-TS = Na(R,S)—Na(S,R)

Union RUTS = Na(R,S)UNA(S,R)
Intersection RN’ S Na(R,S)NNa(S,R)

Cart. Prod. R xS = ¢1(R,S)Xp1-s5.7$7(S,R)
Inner Join RXJ S = ¢g(R,S)Xprr.7=5.7P0(S, R)
Left O. Join RI¥) S = ¢o(R,S)Ngnrr.1=5.7D0(S, R)
Right O. Join RIXC] S = ¢g(R,S) X ynr.7=5.7D0(S, R)
Full 0. Join R[S = bg(R.S) X onr r—s.7da(S, R)
Anti Join RDES = (1)9(/'_\), S) >oARr T;g.'rd)g(s, )

TSDM19, SL03
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Answering Sequenced Queries/1

Approach for formulating sequenced queries:

@ormulate query without thinking about time/periods; make all
operators temporal (e.g., ¥ 7).

lf" 2. Add copies of periods that are needed later (e.g., in selection

'| conditions).

|

\ 3. Replace all references to periods with references to these copies.

4, Apply reduction rules to get nontemporal relational algebra
expression.

TSDM19, SL03 24/34 M. Bohlen, ifiQuzh



Answering Sequenced Queries/2

Query: p? avG(pur(T))(R)

-
1. Timestamp propagation: oV AVG(‘DUR(T))
oV ave(our(Ty)(€u(R)) R
D, TYAVG(DUR(U))
|
Nbp
/ N
€U €U
\ \
R R
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Answering Sequenced Queries/2

Query: p? avG(pur(T))(R)

-
1. Timestamp propagation: oV AVG(‘DUR(T))
oV ave(our(Ty)(€u(R)) R
2. Timestamp substitution: :
oV vepur(uy (eu(R)) .
D, TYAVG(DUR(U))
|
Nbp
/ N
€U €U
\ \
R R
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Answering Sequenced Queries/2

Query: p? avG(pur(T))(R)

-
1. Timestamp propagation: oV AVG(‘DUR(T))
oV ave(our(Ty)(€u(R)) R
2. Timestamp substitution: :
oV vepur(uy (eu(R)) .
3. Temporal adjustment: D, TYAVG(DUR(U))
N R),euy(R !
p(eu(R), eu(R)) Nop
/ N
€y €y
\ \
R R
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Answering Sequenced Queries/2

Query: p? avG(pur(T))(R)

-
1. Timestamp propagation: oV AVG(‘DUR(T))
oV ave(our(Ty)(€u(R)) R
2. Timestamp substitution: :
oV vepur(uy (eu(R)) .
3. Temporal adjustment: D, TV AVG(DUR(U))
Npleu(R), eu(R |
p(eu(R),eu(R)) Np
/ N
4. Nontemporal aggregation: €y €y
0,79 ave(pur(u))(Noleu(R), eu(R))) | |
R R
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PostgreSQL Implementation/1

» DBMS kernel integration of temporal adjustment.

lsaL
Parser®0kloc OptimizerSokloc -
40kl
Executor??%ec
+
Recovery 9‘ Files and Access Methods ‘(—)
Manager 3
g o| Buffer Manager o E/Iecovery
Lock < anager
Manager || | Disk Manager o
DBMS!

Data and Index Files

TSDM19, SL03

27/34
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Task 3.5

#ot‘ﬂd?f

PostgreSQL Implementation/2

. o . Qfle. (o
» SQL extension that provides direct access to the adjyStment
operators: Gofgft 9—1 es
13 C‘-LJT_D/{

cu(R) : SELEC Ts AS Us, Te AS Ue,/+) FROM R

NB(R,S) : FROM (R NORMALIZE S USING (B)
WITH (Rs,Re,Ss,Se)) AS R

¢o(R,S) : FROM (R ALIGN S ON 6
WITH (Rs,Re,Ss,Se)) AS R

» Additional (technical) details will be added on the following slides

» Source Code: http://tpg.inf.unibz.it
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Timestamp Propagation in SQL

» The extend operator adds to the schema of a relation R an
attribute U that is a duplicate of the period of R.

» Algebra: ey(R)

> SQL:

WITH
R AS (SELECT =, Ts AS Us, Te AS Ue FROM R)
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Temporal Normalization in SQL Task 3.6

» The normalize operator splits each tuple in R with respect to the
tuples in S that match on the grouping attributes B.

» Algebra: Ng(R,S) or Np(R,S)
» SQL:

FROM (R NORMALIZE S
USING (B)
WITH (Rs,Re, Ss,Se)) AS Rnorm

FROM (R NORMALIZE S
ON 0
WITH (Rs,Re, Ss,Se)) AS Rnorm

» In SQL the timestamp attributes must be specified explicitly
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Temporal Alignment in SQL Task 3.7

» The align operator splits each tuple in R with respect to each tuple
in S that satisfies 6.

» Algebra: ¢y(R,S)
> SQL:

FROM ( R ALIGN S
ON 0
WITH (Rs,Re,Ss,Se) ) AS Radj

» In SQL the timestamp attributes must be specified explicitly
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Example/1

Query: pt ave(pur(Ty)(R):

R v rn = (Ann)
r, = (Joe) r; = (Ann)
wR) n = (Ann,[1,8))
r, = (Joe, [2,6)) r; = (Ann, [8,12)
New(R). cu(R)) _ (Ann18)
(. [1.8) (. [18)
(Joe, [2,6)) (Ann, [8,12))
mavsourupyNV(eu(R) eu(R)) (7). (5.5) @) @
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Task 3.8, Task 3.9, Task 3.1
Example/2 ask 3.8, Task 3.9, Task 3.10

Translate resulting algebra expression to SQL:
> 79 ave(ouruy)(N(eu(R), cu(R)))

» Schema: R(N, Ts, Te)

» WITH x AS ( SELECT Ts Us, Te Ue, * FROM R )
SELECT AVG (Ue - Us), Ts, Te
FROM (x AS x1 NORMALIZE x AS x2
USING ()
WITH (Ts,Te,Ts,Te)) AS Rnorm
GROUP BY Ts, Te;
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Summary

» Sequenced semantics

» Snapshot reducibility
» Change preservation
» Extended snapshot reducibility

» New algebraic adjustment operators in the DBMS kernel that
provide support for the sequenced semantics.

» normalize
» align
» extend

» Timestamp propagation

» Direct mapping of the adjustment operators to SQL for illustration
purposes. Other SQL extensions are possible.
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