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Abstract

Migrating applications from con v en tional to temp oral database managemen t tec hnology has

receiv ed scan t men tion in the researc h literature. This pap er formally de�nes three increasingly

restrictiv e notions of upwar d c omp atibility whic h capture prop erties of a temp oral SQL with

resp ect to con v en tional SQL that, when satis�ed, pro vide for a smo oth migration of legacy

applications to a temp oral system. The notions of up w ard compatibilit y dictate the seman tics

of con v en tional SQL statemen ts and constrain the seman tics of extensions to these statemen ts.

The pap er ev aluates the sev en extan t temp oral extensions to SQL, all of whic h are sho wn to

complicate migration through design decisions that violate one or more of these notions. W e

then outline ho w SQL{92 can b e systematically extended to b ecome a temp oral query language

that satis�es all three notions.

Zumammenfassung

Die Migration k on v en tioneller An w endungen hin zu An w endungen die auf temp oraler Daten-

banktec hnologie basieren wurde bis anhin n ur am Rande b ehandelt. Der v orliegende Beitrag

de�niert drei Eigensc haften einer in Bezug auf SQL aufw• arts-komp atiblen zeitlic hen Erw eiterung

v on SQL die, falls erf • ullt, einen nah tlosen

•

Ub ergang garan tieren. Die Eigensc haften legen die

Seman tik herk• ommlic her SQL-Befehle fest und sie sc hr• ank en die Seman tik sprac hlic her Er-

w eiterungen ein. Der Beitrag ev aluiert sieb en zeitlic he Erw eiterungen v on SQL und zeigt auf,

dass in allen F• allen eine nah tlose Migration durc h Designen tsc heide die Eigensc haften einer

aufw• arts-k ompatiblen Sprac he nic h t b er • uc ksic h tigen ersc h w ert wird. Absc hliessend zeigen wir

wie SQL systematisc h erw eitert w erden k ann, so dass alle drei Eigensc haften erf • ullt w erden.

Keyw ords: up w ard compatibilit y , temp oral up w ard compatibilit y , temp oral query language,

TSQL2, SQL.

1 In tro duction

A wide range of database applications manage time-v arying information. These include �nancial

applications suc h as p ortfolio managemen t, accoun ting, and banking; record-k eeping applications,

including p ersonnel, medical-record, and in v en tory; and tra v el applications suc h as airline, train,

and hotel reserv ations and sc hedule managemen t. In fact, it is di�cult to iden tify a database

application that do es not in v olv e time-v arying data.

Curren tly , suc h applications t ypically use con v en tional relational systems. Ho w ev er, researc h

in temp oral data mo dels and query languages [TCG

+

93,

•

OS95, Sno95 ] clearly demonstrates that

applications that manage temp oral data ma y b ene�t substan tially from built-in temp oral supp ort

in the database managemen t system (DBMS). The p oten tial b ene�ts from suc h supp ort are sev eral.
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Application co de is substan tially simpli�ed. Due to faster dev elopmen t of co de, whic h is also easier

to comprehend and th us main tain, higher programmer pro ductivit y results. With built-in supp ort,

more data pro cessing ma y b e left to the DBMS, leading to m uc h b etter p erformance.

There is, ho w ev er, still a c hasm b et w een the approac hes no w used for dev eloping suc h ap-

plications and the new approac hes that ha v e b een prop osed b y the temp oral database researc h

comm unit y . While 1200 pap ers on temp oral databases ha v e app eared, o v er 300 during the last

t w o y ears alone [TK96 ], legacy systems and the migration of suc h systems to new tec hnologies has

b een almost totally o v erlo ok ed.

This pap er considers upwar d c omp atibility , whic h has b een claimed to o�er sev eral p oten tial

adv an tages (this is related to the notion of `seamless', as in \the transition from classical databases

to [a temp oral] mo del should b e conceptually and literally seamless." [GN93 , p. 51]). In the

con text of migrating from a con v en tional DBMS to a temp oral DBMS, up w ard compatibilit y of-

fers an ev olutionary means of in tro ducing new tec hnology . It pro vides a business en terprise with

an upgrade path that preserv es its in v estmen t in legacy databases. Implemen ters can incremen-

tally build new features on top of existing pro ducts, b y gradually learning and incorp orating new

language elemen ts in to their applications.

W e assume that the DBMS in terface is captured in a data mo del and th us talk ab out the mi-

gration of application co de using an existing data mo del to using a new data mo del. W e examine

what it means for a temp oral data mo del and query language to b e up w ardly compatible with a

con v en tional data mo del, suc h as SQL. While the term has b een used informally , w e could �nd no

formal de�nition (the same holds for the term `seamless'). This pap er examines the issues b ehind

this in tuitiv e idea, and formalizes sev eral increasingly restrictiv e notions of up w ard compatibilit y ,

sp eci�cally , syn tactic up w ard compatibilit y , up w ard compatibilit y , and temp oral up w ard compat-

ibilit y . W e ev aluate the sev en extan t temp oral extensions to SQL, including t w o designed b y us.

W e sho w that all sev en violate one or more of these useful prop erties. Finally , w e demonstrate

ho w SQL{92 can b e extended to a temp oral data mo del while sim ultaneously satisfying all three

notions of up w ard compatibilit y .

2 Characterizing Up w ard Compatibilit y

W e adopt the con v en tion that a data mo del consists of three comp onen ts, namely a set of data

structures, a set of constrain ts on those data structures, and a language for up dating and querying

the data structures [TL82 ]. In this pap er w e emphasize the data structures and the data manipula-

tion language. As w e progress, it should b e clear that the de�nitions and discussions of this section

also apply to in tegrit y constrain ts, although for simplicit y w e will not address these explicitly .

Notationally , M = (DS, QL) then denotes a data mo del, M , consisting of a data structure comp o-

nen t, DS , and a query language comp onen t, QL . Th us, DS is the set of all databases, sc hemas, and

asso ciated instances, expressible b y M , and QL is the set of all query and mo di�cation statemen ts

in M that ma y b e applied to some database in DS . W e use db to denote a database; a statemen t

is denoted b y s and is either a query q or a mo di�cation m (e.g., in SQL{92, an y INSERT , DELETE ,

or UPDATE statemen t).

As the existing mo del is giv en, the fo cus is on form ulating requiremen ts to the new data mo del.

The de�nitions are conceptually applicable to the transition from an y data mo del to a new data

mo del. Ho w ev er, w e ha v e found it con v enien t to assume that the transition is from a non-temp oral

to a temp oral data mo del, sp eci�cally from the SQL{92 standard [MS93 ] to (some) T emp oral SQL.
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2.1 Up w ard Compatibilit y

P erhaps the most imp ortan t concern in ensuring a smo oth transition of application co de from

an existing data mo del to a new data mo del is to guaran tee that all application co de without

mo di�cation will w ork with the new system exactly the same as with the existing system. The

next t w o de�nitions are in tended to capture what is needed for that to b e p ossible.

W e de�ne a data mo del to b e syntactic upwar d c omp atible with another data mo del if all the

data structures and legal query language statemen ts of the latter mo del are con tained in the former

mo del.

Definition: Let M
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The �rst condition states that all data structures of the (existing) mo del M

2

m ust b e con tained

in the data structure comp onen t of the (new) mo del M

1

; the second condition states the same

prop ert y , but for the query language comp onen t instead of for the data structures.

Note that this relationship b et w een the t w o data mo dels is asymmetric, th us pro viding credence

to the adjectiv e `up w ard'.

Next, for a data mo del to b e upwar d c omp atible with another data mo del, w e add the require-

men t that all statemen ts expressible in the existing language m ust ev aluate to the same result in

b oth mo dels.

F or a query language expression s and an asso ciated database db , b oth legal elemen ts of QL

and D S of data mo del M = ( D S; QL ), de�ne h h s ( db ) i i

M

as the result of applying s to db in data

mo del M . With this notation, w e can precisely describ e the requiremen ts to a new mo del that

guaran tee unin terrupted op eration of all application co de.
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The �rst condition, syn tactic up w ard compatibilit y , implies that all existing databases and query

language statemen ts in the old system are also legal in the new system. The second condition in

the de�nition states that for all data structures and asso ciated query language statemen ts in the

(existing) mo del M

2

, ev aluating them in the (new and existing) mo dels giv es iden tical results. It

th us guaran tees that all existing statemen ts compute the same results in the new system as in the

old system. Th us, the bulk of legacy application co de is not a�ected b y the transition to a new

system.

Figure 1 illustrates the relationship b et w een T emp oral SQL and SQL{92. In the �gure, a

con v en tional table is denoted with a rectangle. (In this pap er, w e use the terminology adopted in

SQL: table, ro w, and column, rather than the terminology in tro duced b y Co dd [Co d70]: relation,

tuple, and attribute.) The curren t state of this table is the rectangle in the upp er-righ t corner.

Whenev er a mo di�cation is made to this table, the previous state is discarded; hence, at an y time
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Figure 1: Up w ard Compatible Queries

only the curren t state is a v ailable. The discarded prior states are denoted with dashed rectangles;

the righ t-p oin ting arro ws denote the mo di�cations that to ok the table from one state to the next.

When a query q is applied to the curren t state of a table, a resulting table is computed, sho wn

as the rectangle in the b ottom righ t corner. While this �gure only concerns queries o v er single

tables, the extension to queries o v er m ultiple tables is clear.

Up w ard compatibilit y states that (1) all instances of tables in SQL{92 are instances of tables in

T emp oral SQL, (2) all SQL{92 mo di�cations to tables in SQL{92 result in the same tables when

the mo di�cations are ev aluated according to T emp oral SQL seman tics, and (3) all SQL{92 queries

result in the same tables when the queries are ev aluated according to T emp oral SQL.

By requiring that T emp oral SQL is a strict sup erset (i.e., only adding constructs and seman tics),

it is relativ ely easy to ensure that T emp oral SQL is up w ard compatible with SQL{92.

2.2 T emp oral Up w ard Compatibilit y

The ab o v e minimal requiremen ts are essen tial to ensure a smo oth transition to a new temp oral

data mo del, but they do not address all asp ects of migration. Sp eci�cally , assume that an existing

data mo del has b een replaced with a new temp oral mo del. No application co de has b een mo di�ed,

and all tables are th us snapshot tables. Up w ard compatibilit y ensures that all applications w ork

as b efore, under the new temp oral mo del.

No w, an existing or new application needs supp ort for the temp oral dimension of the data in

one or more of the existing tables. This is b est ac hiev ed b y c hanging the snapshot table to b ecome

a temp oral table (e.g., b y using a statemen t of T emp oral SQL).

It is undesirable to b e forced to c hange the application co de that accesses the snapshot table

that is replaced b y a temp oral table. W e th us form ulate a requiremen t stating that the existing

applications on snapshot tables m ust con tin ue to w ork with no c hanges in functionalit y when the

tables they access are altered to b ecome temp oral. Sp eci�cally , temp or al upwar d c omp atibility

requires that eac h query will return the same result on an asso ciated snapshot database as on the

temp oral coun terpart of the database. F urther, this prop ert y is not a�ected b y mo di�cations to

those temp oral tables. The precise de�nition is giv en next and is explained in the follo wing.

Definition: Let M

T
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T
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T
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S
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S

) b e temp oral and snapshot data

mo dels, resp ectiv ely . Also, let T b e an op erator that c hanges the t yp e of a snapshot table to

the temp oral table with the same explicit columns. Next, let m

1
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; : : : ; m
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mo di�cation op erations. With these de�nitions, mo del M

T
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S

if
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First, up w ard compatibilit y is required. The second condition states that when applying the t yp e-

c hange op erator to an y data structure (e.g., table) of the snapshot mo del, the result is a legal data

structure in the temp oral mo del. This is required for the third condition to b e meaningful. T o

understand this condition, consider the t w o sides of the equalit y sign in the second line. On the

t w o sides, the same sequence of mo di�cation statemen ts is applied to a snapshot data structure

and its temp oralised coun terpart, resp ectiv ely . Then the same query from the snapshot mo del is

applied to the t w o results of the mo di�cations. The results of the queries when ev aluated in the

snapshot mo del and the temp oral mo del, resp ectiv ely , m ust b e iden tical. The �rst line simply

states that this m ust hold for all (meaningful) com binations of data structures, �nite sequences

of snapshot-mo del mo di�cation statemen ts, and snapshot-mo del query language statemen ts. W e

pro ceed to pro vide a more in tutiv e and less tec hnical explanation of this de�nition.

Assume that, when mo ving to the new system, some of the existing (snapshot) tables are

transformed in to temp oral tables without c hanging the existing set of (explicit) columns. This

transformation is denoted b y T in the de�nition. Then the same sequence of mo di�cation state-

men ts, denoted b y the m

i

in the de�nition, is applied to the snapshot and the temp oral databases.

Next, consider an y query in the snapshot mo del. Suc h queries are also allo w ed in the temp oral

mo del, due to up w ard compatibilit y b eing required. The de�nition states that an y suc h query

ev aluated on the resulting temp oral database, using the seman tics of the temp oral query lan-

guage, yields the same result as when ev aluated on the resulting snapshot database, no w using the

seman tics of the snapshot query language.

T emp oral up w ard compatibilit y is illustrated in Figure 2. When temp oral supp ort is added

to a table, the history is preserv ed, and mo di�cations o v er time are retained. In this �gure, the

righ tmost dashed state w as the curren t state when the table w as made temp oral. All subsequen t

mo di�cations, denoted b y the arro ws, result in states that are retained, and th us are solid rectan-

gles. T emp oral up w ard compatibilit y ensures that the states will ha v e iden tical con ten ts to those

states resulting from mo di�cations of the snapshot table.

m...

Time

q

...m m T m m

Figure 2: T emp oral Up w ard Compatibilit y

The query q is an SQL{92 query . Due to temp oral up w ard compatibilit y the seman tics of this

query m ust not c hange if it is applied to a temp oral table. Hence, the query only applies to the

curren t state, and a snapshot table results.

5



There is one unfortunate rami�cation to the ab o v e de�nition. An y extension that adds con-

structs in v olving new reserv ed k eyw ords will violate up w ard compatibilit y , as w ell as temp oral

up w ard compatibilit y . The reason is that the user ma y ha v e previously used that k eyw ord as an

iden ti�er. Query language statemen ts that use the k eyw ord as an iden ti�er will, in the extension,

b e disallo w ed.

Reserv ed w ords are added in all temp oral query languages. This phenomenon also holds for

non-temp oral query languages. SQL{89 de�ned some 115 reserv ed w ords; SQL{92 added 112

reserv ed w ords, and the draft standard SQL3 adds another 97 reserv ed w ords.

T o a v oid b eing o v erly restrictiv e, w e consider up w ard compatibilit y and temp oral up w ard com-

patibilit y to b e satis�ed ev en when reserv ed w ords are added, as long as the seman tics of all

statemen ts that do not use the new reserv ed w ords is retained in the temp oral mo del.

3 T emp oral Database Managemen t Using SQL{92

As an initial application of these notions, w e �rst consider an approac h emplo y ed frequen tly to

implemen t a temp oral application: em ulating a time-v arying table with a con v en tional table. As

w e will see, this approac h do es not ensure temp oral up w ard compatibilit y , leading to a n um b er of

di�culties.

The underlying mo del will b e SQL{92, that is, QL

2

is the set of SQL{92 queries and mo d-

i�cations. Let us return to the Employee table, whic h has three columns, Name , Manager , and

Dept . In SQL{92, one can require that all managers b e emplo y ees, b y stating that Manager is a

foreign k ey for Employee.Name . W e can easily express queries suc h as \List those emplo y ees who

are not managers," as w ell as mo di�cations, suc h as \Change the manager of the to ols departmen t

to Bob."

T o store historical information, w e wish to em ulate time-v arying information, and so w e will

use the same mo del, SQL{92, that is, QL

T

will b e the set of SQL{92 queries and mo di�cations.

W e also need an op erator that c hanges the t yp e of a snapshot table to a `temp oral' table. W e will

de�ne T to b e the follo wing SQL{92 sc hema mo di�cation statemen ts.

ALTER TABLE Employee ADD COLUMN Start DATE

ALTER TABLE Employee ADD COLUMN Stop DATE

The T op erator m ust also initialize the v alue of the Start column to b e the v alue CURRENT DATE

and the v alue of the Stop column to b e the v alue DATE '9999-12-31' , the largest DATE v alue. This

transforms the Employee table in to a `temp oral' table (in the data mo del M

T

, whic h is SQL{92).

Mo del M

T

is certainly up w ard compatible with M

S

, as all databases in M

T

= M

S

= SQL{92 .

In terestingly , though, SQL{92, along with the transformation op erator just de�ned, is not tem-

p orally up w ard compatible with itself. As but a simple example, let q

S

b e the query \ SELECT *

FROM Employee ". It is certainly not the case that h h q

S

( db

S

) i i

SQL � 92

= h h q

S

( T ( db

S

) i i

SQL � 92

. Ev en

the sc hemas do not matc h: the sc hema for the result of h h q

S

( db

S

) i i

SQL � 92

has three columns,

Name , Manager , and Dept , while the sc hema for the result of h h q

S

( T ( db

S

) i i

SQL � 92

has �v e columns,

including Start and Stop .

This violation of temp oral up w ard compatibilit y has imp ortan t practical rami�cations. Assume

that w e ha v e a 50,000-line application that manages the Employee table and other tables in a

p ersonnel database, allo wing emplo y ees to b e added and dropp ed, and the information ab out

emplo y ees to b e mo di�ed and queried in v arious w a ys. When this table is extended to store time-

v arying information, via the transformation T discussed ab o v e, man y p ortions of this application

break.

6



� The constrain t that all managers are emplo y ees can no longer b e expressed via SQL{92's

foreign k ey constrain t, whic h fails to tak e time in to accoun t. Instead, this constrain t m ust b e

replaced with a complex assertion that includes in its predicate the Start and Stop columns.

� All queries m ust b e examined, and most m ust b e mo di�ed. Consider the query \List those

emplo y ees who are not managers." A where predicate is no w required to extract the curr ent

managers. Also, an y query that men tions ` * ' m ust b e mo di�ed, b ecause the Employee table

no w has a di�eren t n um b er of columns.

� Mo di�cations m ust also b e altered to tak e in to accoun t the Start and Stop columns. The

mo di�cation \Change the manager of the to ols departmen t to Bob" is no w quite more in-

v olv ed than b efore.

In con trast, assume that instead of attempting to em ulate the time-v arying asp ect using con-

v en tional tables, w e use a temp oral data mo del that is pro v ably temp orally up w ard compatible

with SQL{92. W e w ould b e assured that not a single line of our 50,000-line application w ould

ha v e to b e altered when transformation T w as applied to render the Employee table time-v arying.

4 T emp oral Query Languages

As w e just sa w, the fact that an em ulation of temp oral tables using SQL{92 is not temp orally

up w ard compatible has sev eral unfortunate rami�cations in practice. W e no w turn to the temp oral

extensions to SQL that ha v e b een de�ned to date. F ollo wing an o v erview of the ev aluation, w e

consider eac h temp oral SQL in turn.

4.1 Ov erview of T emp orally Extended SQL's

W e are a w are of sev en temp oral data mo dels that extend SQL. W e consider eac h of these in turn,

starting with the earliest mo dels, examining whether or not eac h mo del satis�es the requiremen ts

of up w ard compatibilit y (UC) and temp oral up w ard compatibilit y (TUC) with resp ect to some

v arian t of SQL, e.g., SQL{89, SQL{92, SQL3, or SQL dialects of commercial DBMSs.

Ideally , w e prefer to b e able to indep enden tly pro v e that a particular temp oral data mo del

satis�es or violates a requiremen t. Ho w ev er, the a v ailable do cumen tation of the mo dels often is

not adequately comprehensiv e for this to b e p ossible. With t w o exceptions, only the in tegration

of the temp oral query facilities with \core" subsets of SQL are do cumen ted, and whic h particular

SQL dialect that is b eing extended is also not alw a ys men tioned. This mak es it hard to determine

whether mo dels are (temp oral) up w ard compatible with \the" full SQL or some subset of \an"

SQL.

Asp ects related to the use of regular SQL statemen ts|mo di�cations, in particular|on tem-

p oral tables or a com bination of temp oral and non-temp oral tables are t ypically not de�ned. This

mak es it hard to v erify temp oral up w ard compatibilit y .

Finally , the de�nition of the syn tax of sev eral of the mo dels is quite informal and incomplete.

The seman tics of the mo dels are, at b est, informal and, at w orst, indicated b y a few examples.

F or the cases where w e cannot pro v e that a temp oral data mo del satis�es or violates a require-

men t, w e will rep ort the mo del as satisfying (or violating) a requiremen t if its designers claim that

the prop ert y is satisi�ed and w e ha v e not b een able to dispro v e the claim with the a v ailable do cu-

men tation. In addition, w e will rep ort satisfaction simply if w e cannot pro v e dissatisfaction, again

giv en the a v ailable do cumen tation. Th us, w e asso ciate the follo wing n um b ers with our �ndings, to

indicate the con�dence in the �ndings.
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1. Neither satisfaction nor violation is claimed, nor can b e pro v en.

2. Satisfaction claimed, but the claim cannot b e pro v en nor in v alidated.

3. Indep enden tly pro v en.

Clearly , the highest lev el of con�dence is desired.

T able 1 giv es an o v erview of our conclusions. As can b e seen, di�eren t languages ha v e di�eren t

lev els of satis�abilit y and di�eren t reasons for non-satis�abilit y . The �rst three mo dels are do cu-

men ted rather sparsely for our purp oses, but their designers emphasize that they satisfy up w ard

compatibilit y . They do not satisfy temp oral up w ard compatibilit y . The next mo del, T empSQL,

in tro duces a concept of di�eren t t yp es of users that ma y b e used to obtain satisfaction of b oth com-

patibilities in certain circumstances. The subsequen t mo del, IXSQL, is di�eren t from all the other

mo dels in that it do es not pro vide supp ort for implicit time; rather, it adds a parameterized ab-

stract in terv al data t yp e and asso ciated facilities for mo di�cation and queries to SQL. ChronoSQL

is one of the new er temp oral mo dels. The �nal mo del has b een do cumen ted m uc h more extensiv ely

than its predecessors, but its seman tics are still giv en in an informal SQL-standards format. Note

that no language satis�es b oth notions of up w ard compatibilit y .

Language Reference UC TUC Commen ts

TOSQL [Ari86 ] y es

2

no

3

Only a subset of SQL is considered.

TSQL [NA87 ]

[NA89 ]

[NA93 ]

y es

2

no

3

Not all snapshot tables can b e made temp oral.

Some SQL views cannot b e de�ned on temp oral

tables. Automatic coalescing violates TUC.

HSQL [Sar90b ]

[Sar93 ]

y es

2

no

3

SQL queries on temp oral tables return temp oral

tables.

T empSQL [BG93 ]

[GB93 ]

[GN93 ]

y es

2

y es

3

(classical)

no

3

(system)

Only a subset of SQL is considered. TUC

is satis�ed only for classical users. Means of

sp ecifying user t yp es and defaults are not giv en.

IXSQL [Lor93 ]

[LM96 ]

y es

2

no

3

Extension of SQL with a parameterized in ter-

v al ADT with accompan ying query-language

facilities is prop osed.

ChronoSQL [B• oh94 ] y es

3

no

3

Only a subset of SQL is considered. Do es not

restrict TUC queries to the curren t state.

TSQL2 [Sno95 ] y es

3

no

3

F ull syn tax giv en. Seman tics de�ned informally

in SQL-standard st yle.

T able 1: Summary of UC and TUC Compliance

4.2 Description of T emp orally Extended SQL's

Next, w e describ e eac h of the temp orally extended SQL's in some detail.

4.2.1 TOSQL

TOSQL [Ari86] temp orally extends a subset of an early v ersion of SQL [A C75 ]. The extension

is based on the TODM data mo del. The syn tax of TOSQL is giv en in a BNF-lik e format. This
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syn tax do es not include mo di�cation statemen ts, in tegrit y constrain ts, nested queries, and queries

in v olving aggregates using HAVING , etc. Hence, it app ears that TOSQL is up w ard compatible with

a subset of SQL, and is p erhaps up w ard compatible with the full language.

It app ears that the designer had a notion of temp oral up w ard compatibilit y in mind when he

wrote the follo wing.

\The default options are de�ned suc h that a query that omits the temp oral p ortion

retains the standard meaning of the corresp onding SQL SELECT statemen t." [Ari86,

p. 513]

An example t w o pages later states the in terpretation of a con v en tional SQL SELECT statemen t \is

to sp ecify that the query relates to curr ent assignmen ts, and uses the most up-to-date data ab out

it." [Ari86, p. 515]. The \curren t assignmen ts" refers to now in v alid time; the \most up-to-date

data" refers to now in transaction time.

The k ey phrase though is \that omits the temp oral p ortion". The timestamp of a table in

TOSQL app ears as a column named R T. A non-time-v arying table w ould not ha v e suc h a column.

The con v ersion op erator T in De�nition 2.2 w ould add this column. The problem is with queries

in v olving ` * '. Suc h queries on T ( db

S

) w ould return a di�eren t n um b er of columns than queries

directly on db

S

. Hence, temp oral up w ard compatibilit y is not satis�ed.

4.2.2 TSQL

Na v athe and Ahmed's temp or al r elational mo del , TSQL, supp orts, in addition to con v en tional

tables, ro w timestamping for v alid time b y attac hing t w o mandatory timestamp columns, Time-

start (Ts) and Time-end (T e) to ev ery time-v arying relational sc hema [MNA87 , NA87 , NA89 ,

NA93 ]. These timestamp columns corresp ond to the lo w er and upp er b ounds of time in terv als in

whic h ro ws are con tin uously v alid.

It is stated that TSQL is up w ard compatible with SQL.

\All legal SQL statemen ts are also v alid in TSQL, and suc h statemen ts ha v e iden tical

seman tics in the absence of a reference to time. [...] SQL, a subset of TSQL, remains

directly applicable to non-time-v arying relations in 1NF." [NA93 , p. 99].

A simpli�ed, 1.5 page BNF-lik e syn tax is giv en for TSQL [NA87 ]. Statemen ts suc h as up dates,

inserts, deletes, and view de�nitions are not addressed in the syn tax or elsewhere in the do cumen-

tation. Also, the use of regular SQL queries on temp oral tables is not touc hed up on. While this

mak es it hard to examine the satisfaction of TUC, there are sev eral indications that TUC is not

satis�ed.

In TSQL's data mo del, only tables that are in the so-called time normal form are allo w ed

[NA87 , p. 116]. Brie
y , for a table to b e in time normal form, it m ust b e in Bo yce-Co dd normal

form (disregarding the timestamp columns), and the non-k ey , non-timestamp columns m ust all b e

sync hronous (i.e., they m ust c hange v alues sim ultaneously). As there are no suc h normal form

requiremen ts on snapshot tables, it follo ws that the T op erator that turns a snapshot table in to

a temp oral table is not de�ned for all snapshot tables. Also, regular SQL view de�nitions on

temp oral tables are not allo w ed when they lead to views that are not in time normal form. This

is often the case for views that are joins.

Lastly , TSQL p erforms automatic coalescing of value-e quivalent ro ws (i.e., ro ws with iden tical

non-timestamp column v alues) that ha v e consecutiv e or o v erlapping timestamps. This facilit y leads

to a violation of TUC. F or example, assume that w e start out with an empt y snapshot table, R ,
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and insert t w o iden tical ro ws. Then SELECT * FROM R yields t w o ro ws. No w, w e sim ultaneously

insert the t w o ro ws in to T ( R ). The most reasonable assumption is that these t w o ro ws will b e

giv en timestamps that result in them b eing coalesced in to one ro w. No w, SELECT * FROM T ( R )

yields one ro w.

4.2.3 HSQL

As the previous data mo del, Sarda's HDBMS also supp orts v alid time; ho w ev er, unlik e the data

mo del men tioned previously , HDBMS represen t v alid time in a v alid-time table as a single non-

atomic, implicit column [Sar90b, Sar93]. HSQL

1

is the query language of HDBMS.

It is emphasized that HSQL is up w ard compatible with resp ect to SQL (SQL{89, in fact).

\HSQL is a sup erset of the p opular query language SQL." [Sar93, p. 123]

\In fact, the standard clauses of SQL ha v e iden tical meanings in HSQL." [Sar93 , p. 125]

Concerning TUC, the e�ects of the standard SQL insert, delete, and up date statemen ts are

consisten t with satisfying this requiremen t. Ho w ev er, a query SELECT * FROM R where R is a

temp oral table returns R and not the curren t (snapshot) state of R , as w ould b e required in order

to satisfy TUC [Sar93, pp. 126{127].

4.2.4 T empSQL

Gadia's T empSQL is based on a N1NF temp oral data mo del that is v alue timestamp ed [BG93 ,

GB93 , GN93 ]. A column of a ro w ma y ha v e more than one (timestamp ed) v alue. The union of the

timestamps of the v alues of eac h column m ust b e the same for all columns throughout the en tire

ro w, resulting in a homogeneous temp oral table.

Con v en tional tables are seen as temp oral tables v alid at a single time instan t. Th us, eac h column

v alue of eac h ro w in suc h a temp oral table is timestamp ed with the same instan t. In tegration

of snapshot tables in to the data mo del this w a y is prop osed partly in order to obtain up w ard

compatibilit y .

\By in tegrating it in to our framew ork, w e establish a smo oth bridge for industry and its

user comm unit y for migrating from classical databases to temp oral databases. [...] W e

pro vide a framew ork for a smo oth transition for industry , requiring no loss of in v estmen t

in application programs dev elop ed b y its user comm unit y ." [GN93 , p. 32]

The particular SQL that is b eing extended is not iden ti�ed. No BNF is giv en. F urther, only

a subset of those facilities normally asso ciated with SQL are men tioned, with sev eral imp ortan t

asp ects, e.g., adv anced query facilities, in tegrit y and em b edded queries, ignored. With these reser-

v ations, it is our con ten tion that T empSQL is up w ard compatible with SQL. Determining whether

temp oral up w ard compatibilit y is satis�ed is more di�cult for this mo del than an y of the other

mo dels.

T empSQL supp orts sev eral t yp es of users, e.g., system users and classical users, of a temp oral

DBMS. While system users ha v e unrestricted access to the database, classical users can only

access the curren tly v alid v alues in the database. Th us, classical users see the curren t snapshots

of temp oral tables. Assuming that T is a temp oral table, the query SELECT * FROM T returns T

when issued b y a system user and the curren t snapshot of T when issued b y a classical user.

1

In another pap er, Sarda ga v e this extension to SQL the name TSQL [Sar90a ]. W e use HSQL b ecause it w as

used in the most recen t pap er.
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The absence of language syn tax for sp ecifying user t yp es at the lev el of individual statemen ts

leads us to assume that, as indicated b y the name, user t yp es are �xed for individual users, and

on a p er-applications basis. (No information is giv en on ho w the mec hanisms for di�eren t t yp es

of users in teract with em b edded application programs.) Had the in ten tion b een to b e able to

designate individual language statemen ts as classical or temp oral, w e feel that the language should

ha v e pro vided syn tax for this. W e th us think ab out user t yp es as b eing similar to ordinary SQL

privileges. This seems reasonable, as user t yp es do restrict access to data.

The c hoice of the default user t yp e matters. If all users, and th us applications, are classical

b y default, then it is p ossible to a v oid mo difying the legacy applications when transitioning to a

T empSQL system. Ha ving the default user t yp e b e system leads to a violation of temp oral up w ard

compatibilit y|legacy applications then need to b e mo di�ed to indicate that they are classical.

The next issue to consider is that of the application of legacy SQL mo di�cation statemen ts on

temp oral tables. As the e�ects of suc h statemen ts p ersist in the curren t states (i.e., the states of

the temp oral tables v alid at the (ev er-increasing) curren t time), the statemen ts are consisten t with

T empSQL satisfying temp oral up w ard compatibilit y .

Our conclusion is that for classical users, temp oral up w ard compatibilit y is ensured. F or system

users, the opp osite is true. The reason is that, for a system user, a con v en tional SQL query o v er

a temp oral table will return a temp oral table.

T empSQL is th us �ne when a non-temp oral application is executed on a database that has

b een migrated to a temp oral DBMS. Where T empSQL falls short is in further migration of that

application, to exploit the v ery useful temp oral constructs of that language. This requires that the

user b e a system user, b ecause a classical user is not p ermitted to use an y of the new constructs.

As so on as the user transitions from classical to system, all of the query language statemen ts in the

application m ust b e reev aluated, and man y m ust b e substan tially rewritten. Had temp oral up w ard

compatibilit y b een ensured for all users, this jarring transition w ould ha v e b een m uc h smo other.

4.2.5 IXSQL

IXSQL [Lor91 , Lor93 , LM96 ] di�ers from all the other temp oral query languages in that it do es

not pro vide supp ort for a sp ecial, built-in notion of time. Rather, IXSQL adds the abilit y to de�ne

columns of a parameterized in terv al abstract data t yp e, and it pro vides sp ecial query facilities for

manipulating tables with ro ws that ha v e suc h in terv al v alues.

Actually , there exists at least t w o di�eren t v ersions of IXSQL, an early v ersion [Lor91 ], and a

later v ersion [LM96 ]. The initial v ersion w as neither up w ard nor temp orally up w ard compatible

with SQL, in part b ecause it did not p ermit duplicate ro ws in tables.

\IXSQL actually di�ers from the standard SQL [reference to SQL{89], in that a relation

ma y not con tain duplicate tuples." [Lor91 , p. 4]

In the remainder, w e consider the later v ersion. This v ersion w as designed to b e up w ard

compatible with SQL{92:

\IXSQL is syn tactically and seman tically up w ards consisten t with SQL2." [LM96 , p. 1]

Next, w e consider temp oral up w ard compatibilit y . The �rst step is to decide on what the

meaning of T should b e in a mo del without an implicit notion of time in its tables. T o b e sp eci�c,

let us simply assume that T adds an in terv al-v alued column to eac h snapshot table, with v alue

[CURRENT DATE, DATE '9999-12-31'] for eac h ro w. Other reasonable assumptions seem to lead

to the same conclusions. The result of a legacy query suc h as SELECT * FROM R will di�er from the
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result of SELECT * FROM T ( R ). In addition, legacy mo di�cations to \temp oral" tables will generally

not b e consisten t with satisfying temp oral up w ard compatibilit y , or they ma y fail altogether. In

summary , legacy applications need to b e rewritten when new columns are added to the tables then

access.

4.2.6 ChronoSQL

ChronoSQL w as designed and implemen ted as part of the ChronoLog pro ject [B• oh94 ]. The main

purp ose w as to illustrate ho w temp oral concepts dev elop ed for deductiv e databases can b e carried

o v er to relational databases. ChronoSQL is tigh tly coupled with a Datalog-based language, whic h

means that users can switc h language an y time.

This said, it comes as no surprise that not all language features of ChronoSQL ha v e b een

w ork ed out in detail. Sp eci�cally , the temp oral extension w as restricted to query statemen ts; data

manipulation statemen ts and in tegrit y constrain ts w ere not considered. Moreo v er, legacy queries

o v er temp oral tables are not restricted to the curren t state. This clearly violates temp oral up w ard

compatibilit y .

Up w ard compatibilit y lo oks more promising. ChronoSQL adds a couple of non-mandatory

syn tactic constructs to SQL. No other syn tactic c hanges are prop osed. This ensures syn tactic

up w ard compatibilit y . F urthermore, the seman tics of legacy statemen ts o v er non temp oral tables

remains unc hanged [B• oh94 , p.69], meaning that up w ard compatibilit y is ensured as w ell.

4.2.7 TSQL2

TSQL2 [Sno95] is the most comprehensiv ely do cumen ted temp oral query language. Its syn tax

w as giv en as an extension of the syn tax of SQL{92 as presen ted in the o�cial standard, and

the seman tics of TSQL2 w as also giv en in the format of the SQL{92 standard. Some 500 pages of

tec hnical commen taries accompan y these sp eci�cations. Up w ard compatibilit y of TSQL2 is studied

in [BJS95 ].

In TSQL2, there are six kinds of tables: snapshot tables, v alid-time ev en t tables, v alid-time

state tables, transaction-time tables, bitemp oral ev en t tables, and bitemp oral state tables. The

�rst is the kind of table found in the relational mo del; the remaining �v e are temp oral tables. As

all the sc hema sp eci�cation statemen ts of SQL{92 are included in TSQL2, it follo ws that the data

structures of TSQL2 include those in SQL{92.

TSQL2 is also a strict sup erset of SQL{92 in its query facilities. In particular, if an SQL{92

select statemen t do es not incorp orate an y of the constructs added in TSQL2, and men tions only

snapshot tables in its from clause(s), then the language sp eci�cation states explicitly that the

seman tics of this statemen t is iden tical to its SQL{92 seman tics.

It should b e noted that the preliminary TSQL2 language sp eci�cation released in Marc h, 1994

[SAA

+

94 ] did not ha v e that prop ert y . In particular, SQL{92 INTERVAL s w ere termed SPAN s in the

preliminary TSQL2 sp eci�cation, and TSQL2 INTERVAL s w ere not presen t at all in SQL{92. The

�nal TSQL2 language sp eci�cation [Sno95 ] retained SQL{92 INTERVAL s and added the PERIOD

data t yp e, whic h w as previously called INTERVAL in preliminary TSQL2 (confusing, isn't it?).

Additional c hanges to the datetime literals w ere also made to ensure that TSQL2 w as a strict

sup erset of SQL{92.

Hence, TSQL2 is up w ards compatible with SQL{92. Ho w ev er, TSQL2 is not temp orally up w ard

compatible with SQL{92, for sev eral reasons. First, SQL{92 tables that con tain duplicates ha v e

no coun terparts in TSQL2 where tables with v alue-equiv alen t ro ws (and th us duplicates, either in

a timeslice, or in the temp oral table itself ) are not allo w ed. A second reason that TSQL2 is not

temp orally up w ard compatible with SQL-92 is that when the k eyw ord SNAPSHOT is not sp eci�ed in
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a select statemen t in TSQL2, a temp oral table results. Hence, an SQL{92 query o v er a temp oral

table will result not in a con v en tional table, but rather in a temp oral table.

5 Ensuring T emp oral Up w ard Compatibilit y

This section explains a sequence of steps that lead to a temp oral up w ard compatible SQL{92

extension. Implications to syn tax and seman tics are discussed and illustrated with examples.

T emp oral up w ard compatible extensions allo w to indep enden tly migrate data structures and ap-

plication co de. Sp eci�cally , it p ermits migration of data structures without also requiring c hanges

to application co de (c.f. De�nition 2.2). The examples that ha v e b een stated in prose in Section 2

are reconsidered and form ulated in the temp oral extension of SQL{92.

5.1 Syn tax of a T emp oral Up w ard Compatible Extension of SQL

T emp oral up w ard compatibilit y do es not put an upp er limit on syn tactic extensions to a language.

It, ho w ev er, de�nes a lo w er limit. First, all legacy statemen ts m ust b e retained. (This requiremen t

is indep enden tly established b y up w ard compatibilit y .) Second, a p ossibilit y m ust b e pro vided to

migrate non temp oral data structures to temp oral data structures. The �rst requiremen t is met

b y adding (non-mandatory!) syn tactic constructs to the base language. No syn tactic constructs

ma y b e deleted or c hanged. Migrating non-temp oral to temp oral data structures can b e ac hiev ed

in di�eren t w a ys. W e discuss t w o p ossibilities to illustrate the design space and the p ossible

consequences to the data mo del.

If w e w an t to emphasize di�eren t table t yp es (snapshot tables, v alid time tables, transaction

time tables, and bitemp oral tables) a reasonable syn tactic c hoice is to extend the < alter table

action > pro duction of SQL{92 [MS93 , p.511], b y adding t w o options.

< alter table action > :: = < add column de�nition >

j < alter column de�nition >

j < drop column de�nition >

j < add table constrain t de�nition >

j < drop table constrain t de�nition >

j < add time dimension >

j < drop time dimension >

< add time dimension > :: = ADD < time dimension >

< drop time dimension > :: = DROP < time dimension > < drop b eha vior >

< time dimension > :: = VALID

j TRANSACTION

Adding v alid time turns a snapshot table in to a v alid time table and a transaction time table

in to a bitemp oral table. Adding transaction time turns a snapshot table in to a transaction time

table and a v alid time table in to a bitemp oral table. This is the approac h c hosen b y TSQL2

[Sno95 ].

If instead w e w an t to emphasize the con v en tional relational data mo del with tables that sup-

p ort time through sp ecial-purp ose columns, an alternativ e approac h w ould b e to enhance the

pro ductions < add column de�nition > and < drop column de�nition > resp ectiv ely .
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< add column de�nition > :: = ADD [ COLUMN ] < column de�nition >

j ADD [ COLUMN ] < time dimension >

< drop column de�nition > :: = DROP [ COLUMN ] < column name > < drop b eha vior >

j DROP [ COLUMN ] < time dimension > < drop b eha vior >

F urther syn tactic alternativ es can also b e en visioned. It is, ho w ev er, critical that all of them

supp ort the seman tics discussed in the next section.

5.2 Seman tics of a T emp oral Up w ard Compatible Extension of SQL

This section discusses the seman tics of v arious temp orally up w ard compatible statemen t categories,

i.e., standard SQL{92 statemen t categories ev aluated o v er temp oral databases. The categories

include queries, views, assertions, column constrain ts, referen tial in tegrit y constrain ts, insertions,

deletions, and up dates. This ensures a broad co v erage of the functionalit y of a database system.

Nev ertheless, there are certain statemen t categories that are not considered explicitly , e.g., triggers.

These categories do not in tro duce fundamen tally new problems with resp ect to temp oral up w ard

compatibilit y . Instead, seman tics and tec hniques discussed for other categories can b e applied

directly .

When w e discuss the seman tics of legacy statemen t categories o v er temp oral tables w e can

di�eren tiate b et w een non-destructive statements , e.g., queries, views, and in tegrit y constrain ts,

and mo di�c ation statements , e.g., data manipulation statemen ts. As w e will see, these t w o sets of

categories ha v e to b e treated di�eren tly .

Belo w w e discuss the seman tics for eac h of the t w o sets of categories. Within eac h set all

categories are analyzed and illustrated with an example. W e initially consider only v alid time,

then discuss the impact of adding transaction-time supp ort.

The v ery �rst step is of course to migrate the data structures.

ALTER TABLE Employee ADD VALID

ALTER TABLE Salary ADD VALID

Both tables are turned in to v alid-time tables, suc h that all information stored in the tables can b e

annotated with its v alid time (transaction time is discussed at the end of this section).

5.2.1 Non-destructiv e V alid-time Statemen ts

Non-destructiv e statemen ts retriev e from or c hec k parts of the database. They do not c hange the

con ten ts of the database. T o get the exact same seman tics that a non temp oral database w ould

pro vide, w e ha v e to restrict the retriev al and c hec king to the curren t state.

Queries are supp orted b y adding an implicit selection condition to the WHERE clause that selects

curren t ro ws. Moreo v er, defaults, e.g., ` * ' in the select clause, ma y not expand to include time.

As an example, assume a query that determines who manages the high-salaried emplo y ees. The

`temp oral' query is straigh tforw ard.

SELECT Manager

FROM Salary AS S, Employee AS E

WHERE S.Name = E.Name

AND S.Amount > 3500
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Whenev er the temp oral database system iden ti�es one or more temp oral in an SQL{92 statemen t,

it m ust p erform the actions dictated b y temp oral up w ard compatibilit y . In this case, it m ust

restrict the set of ro ws to the curren t ones.

Views are similar to queries. This b ecomes ob vious if w e remem b er that a view is a virtual

table de�ned b y a query . The query that de�nes the view is enhanced along the lines outlined

ab o v e. As an example, consider a view that yields high-salaried emplo y ees.

CREATE VIEW High_salary AS

SELECT *

FROM Salary

WHERE Amount > 3500;

A selection condition that limits the query expression to curren t salaries has to b e added. Moreo v er,

the default used in the select clause has to b e extended to SELECT Name, Amount (or an equiv alen t

relational algebra pro jection) so that the v alid time is not part of the result.

In tegrit y constrain ts come in di�eren t 
a v ors. The most general form are assertions [MS93 ,

p.211�]. Consider the assertion that ensures that all emplo y ees get a salary , i.e., an assertion that

c hec ks that no emplo y ees without a salary exist.

CREATE ASSERTION CONSTRAINT Emp_has_sal CHECK

NOT EXISTS ( SELECT *

FROM Employee AS E

WHERE NOT EXISTS ( SELECT *

FROM Salary AS S

WHERE E.Name = S.Name ))

The general approac h to c hec k an assertion is to negate it and to execute it as a query , i.e.,

SELECT *

FROM Employee AS E

WHERE NOT EXISTS ( SELECT *

FROM Salary AS S

WHERE E.Name = S.Name )

If the query result is empt y , i.e., if no ro ws are returned, the assertion is resp ected; otherwise it

is violated. With this bac kground, temp oral up w ard compatible assertions can b e ac hiev ed easily ,

b ecause w e sho w ed ab o v e ho w to do so with queries.

5.2.2 Mo di�cation Statemen ts on V alid-time T ables

Mo di�cation statemen ts c hange the con ten ts of the database. An ob vious (but naiv e) approac h is

to carry o v er the seman tics from the previous section and to mo dify the curren t state. Imagine

the insertion of an emplo y ee in to the database.

INSERT INTO Employee VALUES ('Liliane', 'Brandt', 'Tools' )

INSERT INTO Salary VALUES ( 'Liliane', 1000 )

If w e inserted Liliane only in the curren t state, subsequen t queries w ould not return this ro w. When

w e later issue a query , time will ha v e progressed and Liliane will no longer b e in the (new) curren t

state. Of course this is not the b eha vior w e exp ect from a non temp oral database. In order to get

the exp ected b eha vior, w e ha v e to mak e sure that Liliane remains in the c hanging curren t state.

This ma y b e ac hiev ed b y using the p erio d from CURRENT DATE to 9999-12-31 (the largest DATE
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v alue) as the timestamp of Liliane's tuples. But it ma y also b e ac hiev ed using as the end p oin t

NOBIND(CURRENT DATE) , where NOBIND has the e�ect of storing in the timestamp a variable that

ev aluates to CURRENT DATE when accessed, rather than storing the curren t v alue of CURRENT DATE .

Indeed, an y no w-relativ e v ariable [CDI

+

97 ] that ev aluates to a time b et w een these t w o end p oin ts

ma y b e used. W e will adopt the simplest c hoice, the date 9999-12-31 .

An equiv alen t observ ation holds for delete and up date statemen ts. Assume that w e w an t to

c hange the manager of the to ols departmen t to Bob.

UPDATE Employee

SET Manager = 'Bob'

WHERE Dept = 'Tools'

If w e only up dated the curren t state, subsequen t queries w ould not access the corrected database

state. Again, w e ha v e to ensure that the up date p ersists in the c hanging curren t state to get the

exact same b eha vior a non temp oral database pro vides.

Ac hieving temp oral up w ard compatibilit y for mo di�cation statemen ts is sligh tly more compli-

cated than ac hieving temp oral up w ard compatibilit y for non-mo di�cation statemen ts. The reason

is that certain ro ws ma y b e v alid from some p oin t in the past un til some p oin t in the future, i.e.,

they o v erlap the curren t time. Because temp oral up w ard compatible statemen ts only a�ect the

curren t and future times, the mo di�cations m ust not c hange the ro w during the en tire time range.

Let us consider eac h t yp e of mo di�cation statemen t in turn.

Insert statemen ts ha v e to set the v alid-time start to the curren t time and the v alid-time end to

DATE '9999-12-31' , as discussed ab o v e. This ensures that, un til the ro w is deleted or mo di�ed,

it will b e v alid.

Next w e consider delete statemen ts. Historical data, i.e., qualifying ro ws with a v alid time end

b efore the curren t time, is left un touc hed. Curren t data, i.e., qualifying ro ws with a v alid-time

start after the curren t time (including a v alid time end equal to DATE '9999-12-31' ), has to b e

deleted as of the curren t time. This is done b y c hanging v alid time end to the curren t time. F or

future kno wledge t w o c hoices exist. If w e decide not to delete it, to da y's future kno wledge will

b ecome v alid ev en tually . This b eha vior can b e quite surprising for applications emplo ying temp oral

up w ard compatibilit y exclusiv ely . An alternativ e is to delete qualifying future kno wledge. This

ensures a more in tuitiv e b eha vior of legacy applications, but it migh t not b e the seman tics temp oral

applications en vision.

The most complex statemen ts are up date statemen ts. First, ro ws with a v alid-time start b efore

the curren t time and a v alid-time end after the curren t time (including a v alid-time end equal to

DATE '9999-12-31' ) are duplicated. The v alid-time end of the original ro w and the v alid-time

start of the duplicated ro w are set to the curren t time. Then the up date statemen t is applied to

all ro ws with a v alid time start that is equal or after the curren t time. Again w e ha v e the c hoice

not to up date future kno wledge (c.f. previous paragraph).

5.2.3 T ransaction Time

With resp ect to temp oral up w ard compatibilit y , transaction time b eha v es almost iden tically to

v alid time. Exactly the same seman tics applies to transaction-time tables and v alid-time tables.

Ev en bitemp oral tables b eha v e quite similarly . In non-destructiv e statemen ts and insertions,

b oth time dimensions inherit the unitemp oral seman tics. Deletions and up dates are somewhat

more complicated, due to the nature of transaction time whic h guaran tees that at eac h p oin t in

time, it is p ossible to reconstruct previous database states. A temp oral up w ard compatible deletion

of a bitemp oral ro w triggers the follo wing steps.
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1. Qualifying ro ws with a transaction-time end equal to 9999-12-31 are duplicated. The

transaction-time end of the original ro w and the transaction-time start of the duplicated

ro w are set to the curren t time.

2. The v alid-time deletion is applied to qualifying ro ws with a transaction-time end equal to

9999-12-31 .

The �rst step sa v es the curren t state and th us ensures reconstructabilit y , whereas the second step

p erforms the v alid-time deletion. Up date follo ws a similar pattern.

6 Conclusion

Up w ard compatibilit y aids in the smo oth migration of applications from a con v en tional to a temp o-

ral data mo del. The de�nitions in tro duced here allo w a sp eci�c temp oral language to b e ev aluated

as to the degree that it ensures up w ard compatibilit y . The extan t temp oral extensions to SQL are

all de�cien t in one or more w a ys, rendering migration more di�cult. W e subsequen tly sho w ed ho w

SQL{92 can b e extended to yield a temp oral data mo del satisfying all three notions of up w ard

compatibilit y . Applications can b e m uc h more easily migrated to this new data mo del.

The notion of temp oral up w ard compatibilit y can b e view ed as a form of logical data indep en-

dence. In the same w a y that an external sc hema can ensure that applications are not impacted

b y c hanges to the logical sc hema, temp oral up w ard compatibilit y ensures that applications are not

impacted b y a sp eci�c kind of c hange to the logical sc hema: adding or remo ving temp oral supp ort.

Logical data indep endence is an imp ortan t b ene�t pro vided b y mo dern data mo dels, in particular

b y the relational data mo del, and the sp eci�c kind discussed here pro vides similar adv an tages.

The approac h w e esp ouse here to pro viding temp oral up w ard compatibilit y relativ e to SQL

w as adopted in the SQL/T emp oral prop osals [SBJS96a , SBJS96b ]. These language constructs

w ere explicitly designed to ensure up w ard compatibilit y and temp oral up w ard compatibilit y with

the en tire SQL{92 standard. The constructs ha v e b een prop osed to the American ANSI and

in ternational ISO SQL committees for inclusion in to the next ISO SQL standard.

Sev eral directions for further researc h are promising. First, there is a need for exploring dif-

feren t implemen tation alternativ es for up w ard compatible temp oral SQL extensions. Alternativ es

range from stand-alone implemen tations to implemen tations that maximally reuse the functional-

it y o�ered b y existing DBMS's with an SQL in terface. Second, it is felt that m uc h could b e learned

from conducting actual case studies of the migration of legacy applications to temp oral platforms.

Third, the transition from explicit to implicit temp oral kno wledge should b e in v estigated. Strate-

gies m ust b e designed to assist the user in migrating non temp oral tables with explicit time columns

to temp oral tables. This is essen tial to maximally exploit the capabilities of temp oral database

systems.
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