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Temporal Databases: A History

ÅThe Egyptians (2500 B.C.) carved records of inventories of 

grain over many years into stone walls and pyramids.

ÅThe disk drive was invented in 1956: the IBM 350 Disk 

File, with a capacity of 5 MB and an average access time 

of just under 1 second.

ÅN. Findler and D. Chen, "On the problems of time retrieval, 

temporal relations, causality, and coexistence,ò 

Proceedings of the Second International Joint Conference 

on Artificial Intelligence, Imperial College, 1-3 September 

1971.

ÅIn 1973, IBM introduced the IBM 3340 "Winchester" disk 

drive, the first significant commercial use of low mass and 

low load heads with lubricated media, holding 70MB.
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Temporal Databases: A History

Å1980 saw the world's first gigabyte-capacity disk drive, the 

IBM 3380.

ÅConference on Temporal Aspects in Information Systems 

was held in Sofie Antipolis, France in 1987. 

ÅA. Tansel, J. Clifford, S. Gadia, S. Jajodia, A. Segev, and 

R. T. Snodgrass, editors, Temporal Databases: Theory, 

Design, and Implementation , March 1993, 633+xx pp.

ÅInternational Symposium on Temporal Representation and 

Reasoning (TIME) (held annually since 1994), the 

International Symposium on Spatial and Temporal 

Databases (SSTD) (held biannually), and the Spatio-

Temporal Database Management (STDBM) series (four 

thus far).
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Temporal Databases: A History

ÅEncyclopedia of Database Systems , Editors-in-chief: 

Liu, Ling; Özsu, M. Tamer, Springer, 2009 has 80 entries 

comprising 335 pages on temporal database topics.

ÅLots of temporal relational data models, temporal 

conceptual models, temporal object-oriented models, 

temporal XML, temporal probabilistic models

ÅConstructs for expressing temporal constraints, temporal 

integrity constraints, and temporal dependencies.

ÅOver fifty novel temporal query languages, as well as 

qualitative temporal reasoning and temporal logic in 

database query languages 
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Temporal Databases: A History

ÅTemporal query processing, temporal algebras, temporal 

storage structures and indexing techniques

ÅTemporal access control, temporal data mining, time 

series, temporal constraint satisfaction, support for 

planning systems, and natural language disambiguation

Å2007 - First 1 terabyte hard drive (Hitachi GST). Jim Gray 

proposes that databases never delete data.

ÅMore than 2000 articles on temporal databases have been 

written.
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A Case Study: UIS

ÅSALARY (SSN, AMOUNT)

ÅñSSN is the primary key.ò

Primary Key (SSN)

DAMA October 2009
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Adding Time

ÅWe model when each employee had a particular salary by 

adding two columns.

Â FROM_DATE: when the new salary started

Â TO_DATE: when the new salary ended

ÅThe new schema:

SALARY (SSN, AMOUNT, FROM_DATE, TO_DATE)
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Primary Key

ÅSALARY (SSN, AMOUNT, FROM_DATE, TO_DATE)

Å(Assume closed-open: the row stops at midnight of 

END_DATE.)

ÅñSSN is the primary key at any point in time.ò

ÅEquivalently, ñOn any day, a particular SSN has at most 

one salary AMOUNT.ò

SSN AMOUNT START_DATE END_DATE 

111223333 10 1996-01-01 1997-01-01 

111223333 20 1997-01-01 1998-01-01 

999887777 50 1997-06-01 1998-01-01 

111223333 35 1997-06-01 1999-01-01 
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Primary Key, cont.

ÅSALARY (SSN, AMOUNT, FROM_DATE, TO_DATE)

ÅPRIMARY KEY (SSN)

ÅPRIMARY KEY (SSN, START_DATE)

ÅPRIMARY KEY (SSN, END_DATE)

ÅPRIMARY KEY (SSN, START_DATE, END_DATE)

SSN AMOUNT START_DATE END_DATE 

111223333 10 1996-01-01 1997-01-01 

111223333 20 1997-01-01 1998-01-01 

999887777 50 1997-06-01 1998-01-01 

111223333 35 1997-06-01 1999-01-01 
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A Correct Primary Key Constraint
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CREATE ASSERTION sequenced_primary_key
CHECK (NOT EXISTS ( SELECT *

FROM SALARY AS S1
WHERE 1 < (SELECT COUNT(SSN)

FROM SALARY AS S2
WHERE S1.SSN = S2.SSN

AND S1.START_DATE < S2.END_DATE
AND S2.START_DATE < S1.END_DATE))

AND NOT EXISTS  ( SELECT *
FROM SALARY AS S
WHERE S.SSN IS NULL )

)

Referential Integrity

Å INCUMBENTS (SSN, PCN)

Å POSITIONS (PCN, JOB_TITLE_CODE)

Å ALTER TABLE INCUMBENTS ADD CONSTRAINT
PCN REFERENCESPOSITIONS

ÅAdd START_DATE, END_DATEto INCUMEBENTS, POSITIONS

ÅThis breaks referential integrity.
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Referential Integrity, in SQL

CREATE ASSERTION INCUMBENTS_Sequenced_Referential_Integrity

CHECK (NOT EXISTS (

SELECT *

FROM INCUMBENTS AS I
--- there was a row valid in POSITIONS when I started

WHERE NOT EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN

AND P.START_DATE <= I.START_DATE AND I.START_DATE < P.END_DATE)
-- there was a row valid in POSITIONS when I ended

OR NOT EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN
AND P.START_DATE < I.END_DATE AND I.END_DATE <= P.END_DATE)

-- there are no gaps in POSITIONS during I

OR EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN
AND I.START_DATE < P.END_DATE AND P.END_DATE < I.END_DATE

AND NOT EXISTS (
SELECT *

FROM POSITIONS AS P2

WHERE P2.PCN = P.PCN

AND P2.START_DATE <= P.END_DATE AND P.END_DATE < P2.END_DATE)))

)

ÅAn assertion is needed.

DAMA October 2009
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Temporal Foreign Keys, cont.

DAMA 10/09

INCUMBENTS row

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

POSITIONS rows

. . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

Temporal Foreign Keys, cont.

DAMA 10/09

INCUMBENTS row

POSITIONS rows

Case 1: (there was a row valid in POSITIONS when I started)

Case 2: (and when I ended)

Case 3:

(and  there are no gaps in POSITIONS during I;
that is, every row that ends within I is extended
by another row in POSITIONS)

Referential Integrity, in SQL (2)

CREATE ASSERTION INCUMBENTS_Sequenced_Referential_Integrity

CHECK (NOT EXISTS (

SELECT *

FROM INCUMBENTS AS I
--- there was a row valid in INCUMBENTS.PCN when I started

WHERE NOT EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN

AND P.START_DATE <= I.START_DATE AND I.START_DATE < P.END_DATE)
-- there was a row valid in INCUMBENTS.PCN when I ended

OR NOT EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN
AND P.START_DATE < I.END_DATE AND I.END_DATE <= P.END_DATE)

-- there are no gaps in INCUMBENTS.PCN

OR EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN
AND I.START_DATE < P.END_DATE AND P.END_DATE < I.END_DATE

AND NOT EXISTS (
SELECT *

FROM POSITIONS AS P2

WHERE P2.PCN = P.PCN

AND P2.START_DATE <= P.END_DATE AND P.END_DATE < P2.END_DATE)))

)

ÅAn assertion is needed.

CREATE ASSERTION INCUMBENTS _Sequenced_Referential_Integrity
CHECK (NOT EXISTS (

SELECT*
FROM INCUMBENTS AS I
--- there was a row valid in POSITIONS when I started
WHERE NOT EXISTS (

SELECT*
FROM POSITIONS AS P
WHERE I.PCN = P.PCN

AND P.START_DATE <= I.START_DATE AND I.START_DATE < P.END_DATE)
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Referential Integrity, in SQL (3)

CREATE ASSERTION INCUMBENTS_Sequenced_Referential_Integrity

CHECK (NOT EXISTS (

SELECT *

FROM INCUMBENTS AS I
--- there was a row valid in INCUMBENTS.PCN when I started

WHERE NOT EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN

AND P.START_DATE <= I.START_DATE AND I.START_DATE < P.END_DATE)
-- there was a row valid in INCUMBENTS.PCN when I ended

OR NOT EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN
AND P.START_DATE < I.END_DATE AND I.END_DATE <= P.END_DATE)

-- there are no gaps in INCUMBENTS.PCN

OR EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN
AND I.START_DATE < P.END_DATE AND P.END_DATE < I.END_DATE

AND NOT EXISTS (
SELECT *

FROM POSITIONS AS P2

WHERE P2.PCN = P.PCN

AND P2.START_DATE <= P.END_DATE AND P.END_DATE < P2.END_DATE)))

)

ÅAn assertion is needed.

-- there was a row valid in POSITIONS when I ended
OR NOT EXISTS (

SELECT *
FROM POSITIONS AS P
WHERE I.PCN = P.PCN

AND P.START_DATE < I.END_DATE AND I.END_DATE <= P.END_DATE)
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Referential Integrity, in SQL (4)

CREATE ASSERTION INCUMBENTS_Sequenced_Referential_Integrity

CHECK (NOT EXISTS (

SELECT *

FROM INCUMBENTS AS I
--- there was a row valid in INCUMBENTS.PCN when I started

WHERE NOT EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN

AND P.START_DATE <= I.START_DATE AND I.START_DATE < P.END_DATE)
-- there was a row valid in INCUMBENTS.PCN when I ended

OR NOT EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN
AND P.START_DATE < I.END_DATE AND I.END_DATE <= P.END_DATE)

-- there are no gaps in INCUMBENTS.PCN

OR EXISTS (

SELECT *

FROM POSITIONS AS P

WHERE I.PCN = P.PCN
AND I.START_DATE < P.END_DATE AND P.END_DATE < I.END_DATE

AND NOT EXISTS (
SELECT *

FROM POSITIONS AS P2

WHERE P2.PCN = P.PCN

AND P2.START_DATE <= P.END_DATE AND P.END_DATE < P2.END_DATE)))

)

ÅAn assertion is needed.

-- there are no gaps in POSITIONS during I
OR EXISTS (

SELECT *
FROM POSITIONS AS P
WHERE I.PCN = P.PCN

AND I.START_DATE < P.END_DATE AND P.END_DATE < I.END_DATE
AND NOT EXISTS (

SELECT*
FROM POSITIONS AS P2
WHERE P2.PCN = P.PCN

AND P2.START_DATE <= P.END_DATE AND P.END_DATE < P2.END_DATE)))
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Conclusion

ÅApplications manage temporal data

Â Legal requirements

Â Business needs

Â Context for future business decisions

ÅAdding time is easy: just add two columns.

ÅBut even seemingly trivial things like referential integrity 

become very challenging in the presence of these two 

pesky columns.

DAMA October 2009
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Kinds of Temporal Tables

ÅEvent tables: record instantaneous events

Â Promotions, pay stubs

Â Sale transactions

Â State transitions generally

Â Easy: add a WhenHappened datetime column, which works 

because rows are generally independent

ÅState tables: record facts that persist over time

Â HR: Employees, job assignments

Â Inventory, financial holdings

Â Transcripts

Â Challenging: rows are no longer independent

ÅNote: there is a duality between events and states.
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Valid Time and Transaction Time State Tables

ÅTimes may be associated with database facts to describe 

different temporal aspects of the facts.

ÅThe valid time of a fact is the times when the fact is true in 

the modeled reality.

ÅThe transaction time of a fact is the times when the fact is 

stored as current in the database.

ÅDepending on what temporal aspects are supported, four 

kinds of tables result.

Â snapshot

Â valid-time

Â transaction-time

Â bitemporal
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A Snapshot Table

ÅCan be modified

ÅUsed for static queries

ÅWhat is Tom's rank?

SELECTRank

FROM Faculty

WHERE Name = ôTomô
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Analogy: Nameplate on Door

Instructor Tom

(Jan. 1994)

(Dec. 1994)

(July 1999)

(March 1999)

Assistant

Prof. Tom

Assistant

Prof. Tom

Associate

Prof. Tom

DAMA October 2009

Tomôs Employment History

ÅOn January 1, 1994, Tom joined the faculty as an 

Instructor.

ÅOn December 1, 1994, Tom completed  his doctorate, and  

so was promoted to Assistant Professor retroactively on   

July 1, 1994.

ÅOn March 1, 1999, Tom was promoted to Associate 

Professor, proactively on July 1, 1999.

DAMA October 2009
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A Transaction-Time Table

ÅAppend-only, meaning that correction to previous snapshot 

states is not permitted

ÅSupports transaction time

ÅSupports rollback

Transaction Time
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Analogy: Pay Stubs

Instructor Tom 1-1-94

Instructor Tom 2-1-94

Instructor Tom 11-1-94

Assistant Prof. Tom 12-1-94

Assistant Prof. Tom 6-1-99

Associate Prof. Tom 7-1-99

...

...
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A Transaction-Time Table

ÅWhat did we believe Tom's rank was on October 1, 1994?

ÅWhat is Tom's rank?

Transaction Time
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A Valid-Time Table

ÅMay be modified

ÅSupports valid time

ÅSupports queries about the past, present, and future

Valid

Time
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Analogy: A Vita

Tom

Employment

Associate ProfessorJuly, 1999

Assistant ProfessorJuly, 1994

Instructor Jan., 1994

DAMA October 2009

A Valid-Time Table

ÅWhat was Tom's rank on October 1, 1994 (as best 

known)?

ÅWhat is Tom's rank?

Valid

Time

DAMA October 2009
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A Bitemporal Table

ÅAppend-only

ÅSupports valid and transaction time

ÅSupports rollback coupled with historical queries

Transaction Time
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Analogy: A Stack of Vitæ

Tom

Employment

Associate ProfessorJuly, 1999

Assistant ProfessorJuly, 1994

Instructor Jan., 1994

Tom

Employment

Assistant Professor July, 1994

Instructor Jan., 1994

Tom

Employment

Instructor Jan., 1994

(January 1994 version)

(December 1994 version)

(March 1999 version)
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A Bitemporal Table

ÅOn October 1, 1994, what did we think Tom's rank was at 
that date?

ÅAs recorded on December 31, 1994, what was Tomôs rank 
on October 1, 1994?

ÅAs best known, what do we think Tomôs rank was on 
October 1, 1994?

ÅWhat is Tom's rank?

Transaction Time
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Summary

ÅValid time and transaction time are important temporal 

aspects of facts.

ÅValid time states what is true in the world, is not bounded 

by now, can be changed in the past or the future. Answers 

queries about as best known, in the past or future.

ÅTransaction time concerns what is stored on disk, is 

bounded by now, and is append-only. Answers queries 

about as known at a point in the past (rollback queries).

ÅThese two types of time can appear  alone or together in a 

table. 
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Extensionalization Diagram

ÅBob worked from January 3 to January 12 (Sundayï

Tuesday). This fact was stored in the database on  

January 5.

Valid

Time

Transaction

Time

Jan 5

Jan 3

Jan 12
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Extensionalization Diagram Example

Eva Nielsen buys the flat at Skovvej 30 on January 10.

Transaction

Time

Valid

Time

5 10 15 20 25 30

5

10

15

20

25

30

5

DAMA October 2009



Page 7

Developing Time-Oriented Applications in SQL
DAMA October 20, 2009

Copyright © 2009 Richard T. Snodgrass

Extensionalization Diagram Example (2)

Peter Olsen buys the flat on January 15.

Transaction

Time

Valid

Time

5 10 15 20 25 30

5

10

15

20

25

30

5
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Peter Olsen sells the flat on January 20.

Extensionalization Diagram Example (3)

Transaction

Time

Valid

Time

5 10 15 20 25 30

5

10

15

20

25

30

5
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Extensionalization Diagram Example (4)

Transaction

Time

Valid

Time

5 10 15 20 25 30

5

10

15

20

25

30

5

Eva actually purchased the flat on January 5, with this

correction entered on January 23.
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Extensionalization Diagram Example (5)

Peter actually purchased the flat on January 12, with this

correction entered on January 28.

Transaction

Time

Valid

Time

5 10 15 20 25 30

5

10

15

20

25

30
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ÅMotivation
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ÅDeveloping Time-Oriented Applications in SQL

Â Defining Temporal Tables
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Â Modifying Temporal Tables

ÅTemporal Ordination

ÅSummary and Status
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Time Data Types

ÅA time instant is a time point on the real time line.

Â An event is an instantaneous fact, i.e., something occurring at an 

instant. The event occurrence time of an event is the valid-time 

instant at which the event occurs in the real world.

Â SQL's DATE, TIME , TIMESTAMP and their WITH TIMEZONE 
variants

ÅA time interval is a directed duration of time. This is also 

called a span.

Â SQL's INTERVAL

ÅA time period is the time between two instants.

Â No support in standard SQL

DAMA October 2009
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Implementing Periods in SQL

ÅBest approach is a ñclosed-openò pair of datetimes.

ÅExample: the UA fall semester is

ÅThis avoids all sorts of ñ+ 1ò and ñ<=ñ.

ÅAn important integrity constraint: begin time < end time

DAMA October 2009

DATE ó2009-08-24ô, DATE ó2009-12-18ô

Supporting Temporal Tables in SQL

ÅAdd datetime columns

Â VT_BEGIN_DATE, VT_END_DATE for valid time

Â TT_START_DATE, TT_STOP_DATE for transaction time

ÅDifferent granularities (e.g., minute, hour, day, year) can 

be used with each.

ÅTransaction time usually has a smaller granularity: how 

often can a row be changed?

ÅSpecial values:

Â Foreverfor valid time: DATE ó9999-12-31ô

Â Until changed for transaction time: DATE ó9999-12-31ô
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Transaction-time Tables

ÅTransaction-time state table
Å TT_START_DATE, TT_STOP_DATE

ÅPair of conventional table and a tracking log table, with
Å TT_WHEN _CHANGED_DATE

Å Cannot have gaps

ÅBacklog table
Å TT_WHEN_CHANGED_DATE

Å TT_OPERATION_CODE  (I for insert, D for delete, U for update)

Å Can have gaps: a delete followed later by an insert)

ÅSeveral combinations for bitemporal tables.

DAMA October 2009

Many More Detailsé
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http://www.cs.arizona.edu/people/rts/publications.html

Primary Keys

ÅPrimary keys require an assertion or a trigger.

ÅNote that since transaction-time is append-only, only have 

to check newly-added rows, so not that much more 

complex.

ÅDitto for bitemporal tables.
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Referential Integrity Constraints

ÅChallenging for valid-time tables: need a complex 

assertion or trigger, about 25 lines.

ÅEasier for transaction-time tables, since insertions are 

always at now (append-only).

ÅBitemporal tables require the combination of approaches.

DAMA October 2009
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Queries on Valid-Time Tables

ÅThree kinds:

Â Current: what is true now?

Â Sequenced: Give me the history

Â Nonsequenced: combine information at different times

ÅCurrent query: What is Bobôs current salary?
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SELECT * FROM SALARY
WHERE SSN = 123456789

AND VT_BEGIN_DATE <= CURRENT_DATE
AND CURRENT_DATE < VT_END_DATE

Queries on Valid-Time Tables

ÅSequenced queries

Â Give the history of Bobôs salary (a selection query)

Â Give  just the salary data for Bob (selection plus projection)

Â What if there are more than two columns (complex projection)?

Â Need to eliminate duplicates. But they may have different times!

Â Need to coalesce periods for duplicate rows!
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SELECT * FROM SALARY
WHERE SSN = 123456789

SELECT AMOUNT, VT_BEGIN_DATE,  VT_END_DATE
FROM SALARY
WHERE SSN = 123456789

Queries on Valid-Time Tables

ÅNon-temporal query: List the employees who are 

department heads but are not also professors.

ÅSequenced variant requires 45 lines of code, as four 

UNION statements, for the four cases.
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SELECT SSN
FROM INCUMBENTS AS I1
WHERE PCN = 455332

AND NOT EXISTS (SELECT *
FROM INCUMBENTS AS I2
WHERE I2.SSN = I1.SSN

AND I2.PCN = 821197 )

Valid-Time Queries, cont.

ÅNonsequenced queries use information from multiple 

times to derive a result.

ÅWhen did Bob receive a raise?
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SELECT S2.VT_BEGIN_DATE
FROM SALARY AS S1, SALARY AS S2
WHERE S1.SN = 1234567879

AND S2.SSN = 123456789
AND S1.VT_END_DATE = S2.VT_BEGIN_DATE
AND S1.AMOUNT < S2.Amount

Valid-Time Queries: Summary

ÅCurrent queries: just check for overlap with 

CURRENT_DATE.

ÅSequenced queries

Â Select queries (simple where clause): trivial

Â Project queries (select list): challenging to coalesce

Â EXCEPT queries: greatly expanded

Â Aggregates: even harder

ÅNonsequenced queries: generally straightforward
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Valid Table Modifications

ÅThere are three kinds of modifications (insertion, deletion, 

and update) and for each, three temporal kinds (current, 

sequenced, and nonsequenced), or nine total..

ÅCurrent insertion: Bobôs salary is hired at $50,000.

ÅCurrent update: Bobôs salary increased to $60,000.

ÅCurrent deletion: Bob just got fired.

DAMA October 2009

INSERT INTO SALARY
VALUES (123456789, 50000, CURRENT_DATE, DATEô9999-12-31ô)

UPDATE SALARY SET VT_END_DATE = CURRENT_DATE
WHERE SSN = 123456789

UPDATE SALARY SET VT_END_DATE = CURRENT_DATE
WHERE SSN = 123456789 AND VT_END_DATE = DATE ó9999-12-31ô
INSERT INTO SALARY
VALUES (123456789, 60000, CURRENT_DATE, DATEô9999-12-31ô)
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Sequenced Modifications

ÅSequenced insertion: Bob was hired for $70,000 for 2010.

ÅSequenced deletion: quite challenging, as the period of 

applicability for the deletion may not match the rows in the 

table.
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INSERT INTO SALARY
VALUES (123456789, 70000, DATE ó2010-01-01, DATE ô2011-01-01ô)

Sequenced Deletion
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Case 1:

Result:

PV

PA

Case 2:

Result:

PV

PA

Case 3:

Result:

PV

PA

Case 4:

Result:

PV

PA

(entire row deleted)

Sequenced Deletion

1. Insert the old values from the end of the period of applicability to the 

end of the period of validity of the original row (an INSERT with 7 

lines).

2. Update the end date (an UPDATE of 6 lines).

3. Update the start date (an UPDATE of 6 lines).

4. Delete entirely rows that are covered  entirely by the period of 

applicability (a DELETE of 5 lines).
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Sequenced Modifications, cont.

ÅSay a non-temporal modification mentioned another valid-

time table: Bob was promoted to director of the Computer 

Center.

ÅAs a sequenced modification (ñfor 2009ò) this six-line 

UPDATE turns into a series of eight complex statements, 

requiring 77 lines (!).
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UPDATE INCUMBENTS
SET PCN = (SELECT PCN

FROM POSITIONS, JOB_TITLES
WHERE POSITIONS.JOB_TITLE_CODE1 = JOB_TITLE_CODE

AND JOB_TITLE = óDIRECTOR, COMPUTER CENTERô)
WHERE SSN = 123456789

Modifications: Summary

ÅValid-time current modifications: not bad

ÅValid-time sequenced modifications: lots of cases

ÅTransaction-time modifications: always current 

modifications, because of append-only nature: not bad

ÅBitemporal modifications: 

Â Valid current, transaction current: not bad

Â Valid sequenced, transaction current:: usually quite complicated, 

expansion of a factor of 10 is common

Â Valid nonsequenced, transaction current: generally not bad

ÅAgain, sequenced modifications are common.

DAMA October 2009

Developing Time-Oriented Applications in SQL

ÅFor each table, decide if valid time, transaction time, or 

bitemporal. For those with transaction time, decide on 

tracking log, backlog, or transaction state representation.

ÅConvert integrity constraints (primary key, referential 

integrity, assertions) to sequenced semantics.

ÅDevelop application in SQL, ignoring time.

ÅDecide for each kind of query and modification whether it 

is current, sequenced, or nonsequenced. Use examples in 

my book to convert into conventional SQL.

DAMA October 2009
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Previous Approach

ÅPrevious efforts up through the mid-1990ôs attempted to 

develop a temporal data model, query language, and 

implementation from scratch.

ÅGoal: Follow the (very successful) prior history of the 

relational model and algebra and SQL.

ÅDownsides: requires understanding a new model, learning 

a new language, implementing a temporal DBMS from 

scratch, and implementing applications from scratch.
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Snapshot Reducibility

Temporal

DB
Temporal

Table

Conventional

DB

Conventional

Table

t t

qt

q

DAMA October 2009

Inverting Snapshot Reducibility

Temporal

DB

Temporal

Relation

Conventional

DB

Conventional

Relation

qt

q

t t
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Temporal Ordination

Å Ordination (n.) [L. ordinare, to order or arrange]:

1. the act or an instance of ordaining, of investing officially with 

ministerial or priestly authority.

2. the act of arranging in regular order.
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Temporal Ordination

ÅTo temporally ordinate a data model, design methodology, 

query language, DBMS architecture, DBMS 

implementation, or application:

DAMA October 2009

Start with that data model (conceptual data model, 

query language, design methodology, CASE tool, 

applications, even DBMS implementation) and é
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Temporal Ordination

ÅTo temporally ordinate a data model, design methodology, 

query language, DBMS architecture, DBMS 

implementation, or application:

Start with that data model (conceptual data model, 

query language, design methodology, CASE tool, 

applications, even DBMS implementation) and     

utilize it in a consistent extension that emphasizes 

the sequencing (in valid time, transaction time, or 

both) of multiple conventional instances.

DAMA October 2009

A New Approach

ÅTreat the conventional data model, design paradigm, 

query language, query language semantics, DBMS, and 

applications as a ñblack boxò.

ÅTime is a separate dimension(s), entirely orthogonal to the 

(conventional) data model.

ÅTime appears as a separate ñabstraction levelò or 

ñannotationò, retaining the underlying ñblack boxò.
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Outline

ÅMotivation

ÅData Models

ÅDeveloping Time-Oriented Applications in SQL

ÅTemporal Ordination

Â Definition

Â Ordinating SQL

Â Ordinating a Graphical Interface

Â Ordinating a Conceptual Model

ÅSummary and Status

DAMA October 2009

Legacy Systems

ÅOld values are discarded.

ÅQuery is always on current state.

q

...

Valid Time
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Ordinating Schema Statements

ÅTable definition or ALTER statement

ÅEach state is a conventional relation.

CREATE TABLEINCUMBENTS ( é )
AS VALIDTIME PERIOD (DATE)

...

Valid Time

DAMA October 2009

Ordinating the Data Model

ÅA temporal table is a sequence of conventional tables, 

indexed by valid time (or transaction time, or both).

ÅOrdination works whether generalizing SQL-92 tables, 

SQL3 tables, OO classes, XML, é

DAMA October 2009
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Ordinating SQLôs Primary Key

VALIDTIME PRIMARY KEY (SSN)

ÅRequires an assertion with an aggregate in SQL.

DAMA October 2009

Ordinating SQLôs Referential Integrity

ÅRequires 25 lines in SQL

VALIDTIME PCN REFERENCES POSITIONS

DAMA October 2009

Ordinating Applications

ÅTemporal Upward Compatibility (TUC):                            

An application coded on non-temporal data should 

continue to work exactly as before when history is 

retained.

ÅTUC tells us what the semantics of conventional SQL on 

temporal data must be.
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Current Queries

ÅCurrent queries apply to current state.

...

Valid Time

q
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Current Queries

Transaction

Time

Valid

Time

5 10 15 20 25 30

5

10

15

20

25

30

ÅWho (currently) owns the property at Skovvej 30?
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Current Query Example

ÅWhat is Bobôs current position and salary?

ÅThis requires 10 lines to express in SQL-92.

SELECTJOB_TITLE_CODE1
FROM EMPLOYEES, INCUMBENTS, POSITIONS
WHERE FIRST_NAME = 'Bob'

AND EMPLOYEES.SSN = INCUMBENTS.SSN
AND INCUMBENTS.PCN = POSITIONS.PCN

DAMA October 2009
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Ordinating SQL

ÅCurrent queries, modifications, assertions, constraints, 

views and cursors

Â No change is required.

ÅSequenced queries, é

Â VALIDTIME

ÅNon-sequenced queries, é

Â NONSEQUENCED VALIDTIME
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Sequenced Queries

ÅSequenced queries apply a conventional query 

simultaneously to all states.

...

Valid Time

q qqqq ...

...
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Sequenced Queries

Transaction

Time

Valid

Time

5 10 15 20 25 30

5

10

15

20

25

30

ÅWho has owned the property at Skovvej 30?

Eva

Peter
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Sequenced Examples

ÅProvide the salary and position history for all employees.

Å25 lines in SQL-92

VALIDTIME SELECT S.SSN, AMOUNT, PCN
FROM SALARYAS S, INCUMBENTS
WHERE S.SSN = INCUMBENTS.SSN

DAMA October 2009

Sequenced Modifications

ÅSequenced modifications modify each state 

independently.

...

Valid Time

uuuuu
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Sequenced Modification Example

ÅBob was promoted to Director of the Computer Center for 

1997, getting the PCN from the POSITIONS table.

Å77 lines of SQL-92, in eight statements

VALIDTIME PERIOD '[1997-01-01 - 1998-01-01)'
UPDATE INCUMBENTS
SET PCN = (SELECTPCN

FROM POSITIONS AS P, JOB_TITLES
WHERE P.JOB_TITLE_CODE1 = JOB_TITLE_CODE

AND JOB_TITLE = 'DIRECTOR, COMPUTER CENTER')
WHERE SSN = 111223333

DAMA October 2009
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Ordinating on Transaction Time

ÅOne new reserved word, TRANSACTIONTIME

ÅCurrent queries, modifications, etc. are unaffected.

ÅTransaction time is automatically recorded in 

modifications.

ÅToday Bob was promoted to Director of the Computer 

Center.

Å34 lines of SQL

UPDATE INCUMBENTS
SET PCN = 908739
WHERE SSN = 111223333
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Ordinating SQL: Summary

ÅFor each kind of statement,

Â queries,

Â modifications,

Â constraints and assertions,

Â views, and

Â cursors,

for each kind of time,

all three variants are needed:

Â current,

Â sequenced, and

Â non-sequenced.
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Case Studies

ÅFour case studies

Â University Information System

Â Schlumberger oilfield information system

Â Nykredit property management system

Â Cattle epidemiological system

ÅIn SQL-92: 1,757 lines of code

ÅIn SQL/Temporal, 520 lines of code

ÅCode fragments: 12 lines each versus 4

DAMA October 2009

Ordination in Oracle

ÅOracle 9i (released in 2001) has a Workspace Manager, 

with temporal support.

ÅThe current version (Oracle 11g) supports

Â Valid-time tables

Â Transaction-time tables

Â Sequenced primary keys

Â Sequenced referential integrity

Â Current queries

Â Some sequenced queries

Â A Period data type

ÅSyntax is close to that proposed, but is a little more 

cumbersome.
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Outline

ÅMotivation

ÅData Models

ÅDeveloping Time-Oriented Applications in SQL

ÅTemporal Ordination

Â Definition

Â Ordinating SQL

Â Ordinating a Graphical Interface

Â Ordinating a Conceptual Model

Â Ordinating a DBMS

ÅSummary
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Ordinating a Graphical User Interface

ÅñList the positions and salary of the employees.ò

DAMA October 2009
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When Dialog Box

ÅDefault is:

ñat now, as best knownò.

DAMA October 2009

List the history of é , as best known

DAMA October 2009

List é for 1998, as best known

DAMA October 2009

List é , whenever, as best known

DAMA October 2009

List é at yearôs end, as known then

DAMA October 2009

Outline

ÅMotivation

ÅData Models

ÅDeveloping Time-Oriented Applications in SQL

ÅTemporal Ordination

Â Definition

Â Ordinating SQL

Â Ordinating a Graphical Interface

Â Ordinating a Conceptual Model

Â Ordinating a DBMS

ÅSummary

DAMA October 2009
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Ordinating Database Design

ÅDesign the schema (conceptual, logical, physical) ignoring 

time.

ÅThen, add time aspects.

ÅExisting database design methodologies can be 

appropriately ordinated.

Â E.g., ordinate Entity-Relationship schemas with temporal 

annotations.

DAMA October 2009

Step 1: Capture the Current Reality

DAMA October 2009

Step 2: Annotate the Schema

DAMA October 2009

The Annotated Schema

DAMA October 2009

Step 3: Convert to Conventional Schema

DAMA October 2009

Outline

ÅMotivation

ÅData Models

ÅDeveloping Time-Oriented Applications in SQL

ÅTemporal Ordination

Â Definition

Â Ordinating SQL

Â Ordinating a Graphical Interface

Â Ordinating a Conceptual Model

Â Ordinating a DBMS

ÅSummary

DAMA October 2009
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Ordinating a DBMS

ÅObject-Relational Mapping Level

Â Modify the mapping to include a few keywords like validtime and 

nonsequenced

Â Modify the code of the mapping to convert sequenced to 

conventional

Â No changes to the DBMS

ÅStratum Approach

Â Impose a layer in the DBMS that translates temporal SQL to 

regular SQL

Â Easy but not optimum performance

Â No changes to DBMS internals

DAMA October 2009

Temporal Stratum

Stratum

Conventional

DBMS

SQL/Temporal

Query

Query

Results
Converted

Query
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Why Users Should Care

ÅApplications manage temporal data.

ÅIf a temporal DBMS is used
Â Schemas are simpler.

Â SQL queries are much simpler.

Â Much less procedural code  is needed.

ÅBenefits
Â Application code is less complex

É Easier to understand

É Easier to produce

É Easier to ensure correctness

É Easier to maintain

Â Performance may be enhanced by relegating functionality to            
the DBMS.
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Outline

ÅMotivation

ÅData Models

ÅDeveloping Time-Oriented Applications in SQL

ÅTemporal Ordination

ÅSummary and Status
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Current Status

ÅAll applications are inherently temporal.

ÅImplementing temporal applications in SQL-92 can be 

quite difficult and challenging.

ÅSQL-92 provides several temporal data types.

Â DATE, TIME , DATETIME, TIME WITH TIMEZONE , DATETIME 

WITH TIMEZONE

Â INTERVAL (year-month and day-second)

ÅTemporal ontology is well understood.

Â Valid versus transaction time

Â Current, sequenced, nonsequenced

DAMA October 2009

Current Status, cont.

ÅTechniques exist for manually generating temporal tables, 

temporal integrity constraints, temporal queries, and 

temporal modifications.

ÅThese techniques also work for cursors, views, 

constraints, assertions, and triggers.

ÅSQL/Temporal is a third-generation language extending 

SQL:1999.
Â Upward compatibility and temporal upward compatibility are critical.

Â Ease in expressing current, sequenced, and non-sequenced statements

Â MAD146 Adding Valid Time to SQL/Temporal, 77 pp.

Â MAD147 Adding Transaction Time to SQL/Temporal, 47 pp.

Â PDF at  http://www.cs.arizona.edu/people/rts/sql3.html

ÅOracle supports some of these constructs.

DAMA October 2009

http://www.cs.arizona.edu/people/rts/sql3.html
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A Case Study

ÅSALARY (SSN, AMOUNT)

ÅñShow the average salary.ò

SELECT AVG(AMOUNT)
FROM SALARY
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A Challenge

ÅSALARY (SSN, AMOUNT, FROM_DATE, TO_DATE)

ÅñShow the history of the average salary.ò

SSN AMOUNT START_DATE END_DATE

111223333 10 1996-01-01 1997-01-01

111223333 20 1997-01-01 1998-01-01

999887777 50 1997-06-01 1998-01-01

111223333 35 1998-01-01 1999-01-01

AMOUNT START_DATE END_DATE

10 1996-01-01 1997-01-01

20 1997-01-01 1997-06-01

35 1997-06-01 1999-01-01
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The Wrong Way to Do It

ÅSALARY (SSN, AMOUNT, FROM_DATE, TO_DATE)

ÅñShow the history of the average salary.ò

AMOUNT

28.75

SSN AMOUNT START_DATE END_DATE

111223333 10 1996-01-01 1997-01-01

111223333 20 1997-01-01 1998-01-01

999887777 50 1997-06-01 1998-01-01

111223333 35 1998-01-01 1999-01-01

SELECT AVG(AMOUNT)
FROM SALARY
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Some Right Ways to Do It

ÅñGive the history of the average salary.ò

ÅOne way is with a highly complex SQL statement.

ÅAnother, easier way

VALIDTIME SELECT AVG (AMOUNT)

FROM SALARY
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Microsoft, you can do it too!

ÅñGive the history of the average salary.ò
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Current Status, cont.

ÅTemporal ordination provides a framework for temporal 

database semantics, database design, logical design, 

physical design, query languages, graphical interfaces, 

and DBMS and application implementation.

ÅApplications can be ordinated by annotating SQL, with just 

a few keywords and careful semantics.

ÅTemporal Upward Compatibility (TUC) allows existing 

applications to be ordinated.

ÅGraphical query languages can be ordinated with a When 

dialog box.

ÅConceptual models can be ordinated with annotations.

DAMA October 2009
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Your Role

ÅTemporal applications can be correctly designed and 

implemented, but are still challenging to implement.

ÅThe research community has developed approaches that 

reduce the lines of code by a factor of 3-6 and the 

complexity by orders of magnitude.

ÅDemand that DBMS vendors follow Oracleôs lead and 

support temporal applications fully.

ÅDemand that tool vendors provide better support for 

temporal applications.
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Thank you!


