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Abstract

The question of what is a w ell-designed temp oral data mo del and query

language is a di�cult, but also an imp ortan t one. The consensus temp oral

query language TSQL2 attempts to tak e adv an tage of the accum ulated

kno wledge gained from designing and studying man y of the earlier mo dels

and languages. In this sense, TSQL2 represen ts a constructiv e answ er to

this question. Others ha v e pro vided analytical answ ers b y dev eloping

criteria, form ulated as completeness prop erties, for what is a go o d mo del

and language.

This pap er applies imp ortan t existing completeness notions to TSQL2

in order to ev aluate the design of TSQL2. It is sho wn that TSQL2 satis�es

only a subset of these completeness notions.

1 In tro duction

The temp oral database comm unit y has b een proli�c in its pro duction of tem-

p oral data mo dels and query languages. Ov er the past �fteen y ears, more than

t w o dozen temp oral relational data mo dels ha v e b een prop osed, eac h with one

or more asso ciated query languages [24 ]. This has left the comm unit y with a

wide, confusing|but also c hallenging|v ariet y of alternativ es.

As one resp onse to this state of a�airs, a committee of eigh teen temp oral

database researc hers has recen tly released the TSQL2 Language Sp eci�cation

[25 ], whic h de�nes a temp oral extension to the SQL{92 standard [22 ]. TSQL2

w as created partly in an attempt to consolidate, in a single consensual mo del

and language, the insigh ts and exp eriences gained from the dev elopmen t of the

previous data mo dels and languages.

As a quite di�eren t approac h, other e�orts (e.g., [5 , 6, 7 , 21]) ha v e put fo cus

on the prop erties of temp oral data mo dels and query languages, as w ell as on

the design alternativ es a v ailable when dev eloping these. This has led to precise

de�nitions of mo del and language prop erties that can b e used to c haracterize

and ev aluate the man y mo dels and languages. In the spirit of Co dd's original

de�nition of relational completeness [11 ], some of these prop erties ha v e b een

stated as di�eren t kinds of completeness.
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It then seems appropriate to use the b o dy of w ork on mo del and language

prop erties to study the design of TSQL2|this pap er do es exactly that. It is a

fundamen tal assumption of the pap er that when ev aluating a data mo del and

query language, b oth the functionalit y and the syn tax for expressing a certain

functionalit y are imp ortan t. The completeness notions that w e adopt in the

in v estigation th us include b oth functionalit y-related and syn tactic criteria.

Sp eci�cally , w e formalize the notion of a data mo del b eing upwar ds c om-

p atible with another data mo del and sho w that TSQL2 is up w ards compatible

with SQL{92. Brie
y , this means that a smo oth transition from SQL{92 to

TSQL2 is p ossible.

One of the most widely cited distinctions among temp oral data mo dels

is that b et w een �rst normal form and non-�rst normal form mo dels. This

distinction has b een formally captured b y the concepts of temp or al ly ungr oup e d

and gr oup e d data mo dels [7 ]. W e sho w that TSQL2 is temp orally ungroup ed

and not temp orally group ed. As this prop ert y is inheren t in the mo del, w e do

not prop ose to c hange it. Rather, w e put fo cus on the implications of a mo del

b eing ungroup ed or group ed.

The last t w o completeness notions considered in this pap er are temp or al

semi-c ompleteness and temp or al c ompleteness [5 ]. The former notion essen tially

states that a temp oral relational data mo del m ust con tain temp oral general-

izations of al l snapshot relations and queries. F urther, temp orally generalized

queries m ust b e syntactic al ly similar to the snapshot queries they generalize.

T emp oral completeness adds further functional and syn tactic requiremen ts, ad-

dressing query language asp ects not co v ered b y temp oral semi-completeness. It

is sho wn that TSQL2 do es not fully satisfy these completeness notions.

Related w ork on completeness has b een primarily in the con text of non-

temp oral databases. It is p ossible to distinguish t w o basic approac hes. The

�rst one tak es a particular calculus (usually �rst order relational calculus) as

a metric. An y language ha ving at least the expressiv e p o w er of the calculus is

said to b e complete. Original w ork along these lines w as done b y Co dd for re-

lational databases [11 ]. There ha v e b een generalizations for en tit y-relationship

databases [1 ] and for temp oral databases [30 ]. One inheren t problem with these

approac hes is the degree of appropriateness of the calculus that is used as a

metric. There is no guaran tee that the calculus captures al l reasonable queries.

F or example, it has b een sho wn [3 ] that �rst order relational calculus cannot

express the transitiv e closure of binary relations.

The second approac h is to de�ne an appropriately large set of queries and

require query languages to express all queries in this set. This kind of com-

pleteness w as in v estigated b y Bancilhon [4 ] and Chandra and Harel [8 ]. The

de�nitions of temp oral semi-completeness and temp oral completeness are in

this spirit. They (in particular temp oral semi-completeness) tak e the set of

queries that are expressible b y a non-temp oral language as a reference and en-

sure that temp oral generalizations of the non-temp oral language can express

all these queries. Additionally , they establish syn tactic restrictions a temp oral

language m ust ob ey , whic h w e b eliev e is also imp ortan t.

The con tributions of the pap er are t w ofold. First, the pap er further formal-

izes some existing de�nitions of completeness of relev ance for temp oral data

mo dels and query languages, namely the notions of up w ards compatibilit y ,

temp oral semi-completeness and temp oral completeness. Second, the pap er

explores the design of TSQL2 b y applying these completeness notions and the



notion of temp oral (un)group edness to TSQL2. It is sho wn that TSQL2 satis-

�es some of these notions, but do es not satisfy all of them.

The pap er is structured as follo ws. Eac h of Sections 2{5 �rst de�nes a

particular t yp e of completeness. They then ev aluate the completeness of TSQL2

in the con text of eac h completeness notion. During this in v estigation, some

de�ciencies of TSQL2 are unco v ered.
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Section 6 summarizes the pap er and

p oin ts to directions for future researc h.

2 Up w ards Compatibilit y

Completeness is generally a relativ e prop ert y of a data mo del or a query lan-

guage. Th us, a mo del or language satis�es some notion of \completeness" if

it is related to another mo del or query language in a certain w a y . In this sec-

tion, w e in tro duce the �rst of the three t yp es of completeness. Sp eci�cally , w e

formalize the notion that a data mo del is up w ards compatible with resp ect to

another data mo del. W e subsequen tly consider the up w ards compatibilit y of

TSQL2 with resp ect to SQL{92.

2.1 De�nitions

When a new database managemen t system, with an asso ciated data mo del, is

in tro duced in to an organization, often that system replaces an existing system,

also with an asso ciated data mo del. F or soft w are engineering reasons, to b e

discussed in more detail b elo w, it is an imp ortan t prop ert y that the existing

data mo del b e up w ards (or, forw ards) compatible with the new data mo del.

Put di�eren tly , the new data mo del should b e a strict sup erset of the existing

data mo del.

W e will adopt the con v en tion that a data mo del consists of t w o comp onen ts,

namely a set of data structures and a language for querying the data structures.

F or example, the cen tral data structure of the relational mo del is the relation,

and the cen tral, user-lev el query language is SQL. Notationally , M = (DS, QL)

then denotes a data mo del, M , consisting of a data structure comp onen t, DS ,

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

expressible b y M , and QL is the set of all queries in M that ma y b e form ulated

on some database in M . W e will use db to denote a database and q to denote a

query .

De�niti on 2.1 (up w ards compatibili t y) Let M

2

= ( D S

2

; QL

2

) and M

1

=

( D S

1

; QL

1

) b e t w o data mo dels. Mo del M

2

is upwar ds c omp atible with mo del

M

1

if and only if

� D S

2

� D S

1

, and

� for eac h instance db in D S

2

and for eac h query expression q in QL

1

, q is

also a legal query expression in QL

2

, and the results of ev aluating q on

db is the same in M

1

and M

2

.

1

T o answ er these de�ciencies , the design of Applied TSQL2 (A TSQL2) w as initiated.

A TSQL2 is a minimal extension of TSQL2 that is temp orally complete. An extended v ersion

of this pap er ( ftp://ft p.c s.a riz ona .e du/ rep ort s/1 99 5/T R95 -5. ps. gz ) sk etc hes syn tax and

seman tics of A TSQL2. A more comprehensiv e discussion as w ell as an implemen ta tion for

public consumpti on are under w a y and should b e completed b y F all 1995.



This concept captures the conditions that need to b e satis�ed in order to

allo w a smo oth transition from a curren t system, with data mo del M

1

, to a

new system, with data mo del M

2

. The �rst condition implies that all existing

databases in the old system are also legal databases in the new system and th us

need not b e mo di�ed when the new system is adopted. The second condition

guaran tees that existing queries will remain legal and will 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.

The de�nition of up w ards compatibilit y is related to the traditional notion

of Co dd completeness (Co dd originally used the term relational completeness)

[11 ], as form ulated in the con text of the standard relational mo del. T o see the

similarit y and di�erences, w e review that completeness notion.

Essen tially , a relational or extended relational data mo del is Co dd com-

plete if all queries that can b e form ulated on arbitrary con v en tional relations

expressible in the mo del are a sup erset of all relational algebra queries that can

b e form ulated.

De�nition 2.2 (Co dd completeness) Let M = ( D S; QL ) b e some data

mo del, and let ( S R; RA ) b e the relational mo del with the relational algebra as

its query language. Mo del M is Co dd c omplete if and only if D S con tains S R

and eac h query in RA has an equiv alen t coun terpart in QL when all db in S R

are considered.

Tw o query expressions are equiv alen t if they alw a ys yield m utually iden tical

results when supplied iden tical argumen ts. The relational algebra comes in

n umerous v ersions

2

, and while the de�nition is dep enden t on the particular

v ersion c hosen, the c hoice is not imp ortan t in the remainder of this pap er.

The similarit y b et w een up w ards compatibilit y and Co dd completeness is

apparen t, but there are also imp ortan t di�erences. First, Co dd completeness is

restricted to use the relational algebra as a y ardstic k for measuring the expres-

siv e p o w er of other query languages. Th us, the relev ance of Co dd completeness

is dep enden t on ho w \natural" or w ell-c hosen the relational algebra is. On the

other hand, up w ards compatibilit y is not tied to an y particular data mo del.

Second, Co dd completeness strictly concerns functionalit y while up w ards

compatibilit y concerns b oth functionalit y and the syn tax for expressing the

functionalit y . Sp eci�cally , Co dd completeness is de�ned in terms of the exis-

tence of e quivalent , but p ossibly di�eren t, query expressions. Up w ards compat-

ibilit y requires query expressions that yield iden tical results to also b e syn tac-

tically identic al . Th us, a mo del b eing up w ards compatible with the relational

mo del/algebra is a stronger criterion than the mo del b eing Co dd complete.

2.2 Up w ards Compatibilit y among SQL{92 and TSQL2

Clearly , it is an imp ortan t prop ert y for a new data mo del, suc h as TSQL2, to

b e a strict sup erset of the data mo del it is in tended to sup ersede, i.e., SQL{92.

W e no w consider this issue.

2

The relational algebra used in conjunctio n with the original de�nition of Co dd complete-

ness [11 ] included \cartesian [sic] pro duct," \union," \in tersectio n," \di�erence," \pro jec-

tion," \ � -join," \division," and \restriction" (a sp ecial case of selection).



In TSQL2, there are six kinds of relations

3

: snapshot relation, v alid-time

ev en t relation, v alid-tim e state relation, transaction-time relation, bitemp oral

ev en t relation, and bitemp oral state relation. The �rst is the kind of relation

found in the con v en tional relational mo del; the remaining �v e are temp oral

relations. 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 partic-

ular, if an SQL{92 select statemen t do es not incorp orate an y of the constructs

added in TSQL2 (e.g., the v alid clause, the VALID() and TRANSACTION() ex-

pressions, and extensions to the from and group b y clauses), and men tions

only snapshot relations 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 re-

leased in Marc h, 1994 [25 ] 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 lan-

guage sp eci�cation [25 ] 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, b oth conditions are satis�ed, demonstrating that TSQL2 is up w ards

compatible with SQL{92.

As discussed previously , this directly implies that TSQL2 is Co dd complete.

Finally note that, while up w ards compatibilit y is a highly desirable prop ert y ,

it sa ys absolutely nothing ab out constructs added to a data mo del or query

language to supp ort time. This notion of completeness is th us quite limited in

scop e, as seen from a temp oral data-mo del p ersp ectiv e.

3 T emp oral Group edness

In this section, w e �rst review the previously prop osed notions of temp orally un-

group ed and group ed data mo dels. W e then in v estigate the temp oral group ed-

ness of TSQL2. In con trast to up w ards compatibilit y , temp oral group edness

sp eaks directly to the supp ort of time-v arying information in the temp oral data

mo del.

3.1 De�nition

In temp oral data mo deling, an informal division among temp oral relational

data mo dels in to �rst normal form (1NF) and non-�rst normal form (NFNF)

mo dels has dev elop ed o v er the y ears, and eac h t yp e of mo del has attracted its

follo w ers

4

.

3

In this pap er, w e use the terminolog y Co dd in tro duced [10 ]: relation, tuple, and attribute,

rather than the more prosaic terminology used in SQL{92 and subsequen tly in TSQL2: table,

ro w, and column.

4

In this particular con text, the NFNFness is due to how time is adde d to the relational

mo del, so most NFNF temp oral data mo dels do not supp ort general NFNF relations, and the

distinction is di�eren t from the distinction b et w een the 1NF and the v arious general NFNF

relational data mo dels (e.g., [17 ]).



With one ob jectiv e b eing to clarify this distinction, Cli�ord et al. [7 ] ha v e

recen tly giv en a formal de�nition of t w o t yp es of relation structures, termed

temp orally ungroup ed and temp orally group ed. While it is debatable whether

the data mo del of TSQL2 is strictly a 1NF mo del in the generic sense

5

, w e will

sho w that the mo del is temp orally ungroup ed. T o set the stage, w e review the

de�nition of a temp orally ungroup ed data mo del.

A data mo del is temp orally ungroup ed if its data structure comp onen t is

isomorphic to a particular canonical temp orally ungroup ed data structure, i.e.,

an on to and 1{1 mapping m ust exist b et w een the canonical structure and the

structure of the mo del to b e pro v ed temp orally ungroup ed. The canonical

structure is de�ned next.

De�nition 3.1 (canonical temp orally ungroup ed relation structure)

[7, pp. 69{70] Let U

D

= f D

1

; D

2

; : : : ; D

n

d

g b e a set of non-empt y v alue do-

mains, and let D = [

n

d

i =1

D

i

b e the set of all v alues. Let T = f t

0

; t

1

; : : : ; t

i

; : : : g

b e a non-empt y , �nite or coun tably in�nite set of times with \ < " as the total

order relation. Finally , let U

A

= f A

1

; A

2

; : : : ; A

n

g b e a set of attributes, and

let TIME b e a distinguished time attribute.

A canonical temp orally ungroup ed (TU) relation sc hema is de�ned as a

triple < A ; K ; DOM > where

(1) A [ f TIME g ( A � U

A

) is the set of attributes of the sc hema.

(2) K [ f TIME g ( K � A ) is the k ey of the sc hema, i.e., K [ f TIME g ! A .

(3) DOM is a function from A [ f TIME g to U

D

[ f T g that assigns domains

in U

D

to attributes in A and TIME to T .

A TU database sc hema is a �nite set of TU relation sc hemas. A TU tuple t on

sc hema < A ; K ; DOM > is a function from A [ f TIME g to D [ T that assigns

a v alue in DOM ( A

i

) to eac h attribute A

i

in A and a v alue in TIME to T . A

TU relation is then a �nite set of TU tuples that satisfy the k ey constrain t in

(2) ab o v e. A TU database is a �nite set of TU relations.

Example 3.2 The follo wing is a sample TU database with one relation.

A B TIME

a

1

b

1

1

a

3

b

2

1

a

2

b

1

2

a

3

b

3

2

The relation sc hema is the structure < f A; B g ; f A; B g ; f > , where f assigns

domains f a

1

; a

2

; a

3

g and f b

1

; b

2

; b

3

g to A and B , resp ectiv ely , and the natural

n um b ers to TIME .

5

First normal form (1NF) states that eac h attribute v alue is atomic [10 ]. This certainly

holds for TSQL2's explicit attributes, whic h can ha v e as t yp es an y of the SQL{92 data t yp es

or the new t yp e PERIOD . Hence, considering only v alues of explicit attributes, TSQL2 is a 1NF

mo del. Ho w ev er, the timestamp asso ciated with eac h tuple in TSQL2 is a temp or al element ,

a �nite union of p erio ds [15 ]. While the timestamp is not an explicit attribute, it can b e

referenced within a query . W e th us feel that timestamps should also satisfy the prop ert y .

Since the partitioning construct in the from clause of TSQL2 (designated \ (PERIOD) ") e�ec-

tiv ely iterates o v er the maximal p erio ds of a temp oral elemen t, timestamps are not treated

as atomic. TSQL2 is not a 1NF mo del in this strict sense.



A data mo del cannot b e b oth temp orally ungroup ed and temp orally group ed

(see b elo w), and as w e will pro v e that the TSQL2 data mo del is isomorphic to

TU, w e need not giv e a formal de�nition of the canonical temp orally group ed

relation structure, TG. Rather, w e giv e an example and p oin t to what mak es

TG group ed.

Example 3.3 The sc hema of a temp orally group ed relation consists of the

same three comp onen ts as that of an ungroup ed relation, with the exception

that the comp onen t DOM assigns a domain of functions to eac h attribute in

A . These functions map times to some v alue domain. A tuple, then, consists

of some sp eci�c function for eac h attribute in A . In addition, a tuple has an

asso ciated lifespan, a set of times. The functions of a tuple map eac h time in

the tuple's lifespan to some v alue.

F or example, a TG relation sc hema ma y ha v e attributes A and B . The k ey

ma y b e the com bination of these attributes, and DOM ma y assign functions

to A and B that map from the natural n um b ers to f a

1

; a

2

; a

3

g and f b

1

; b

2

; b

3

g ,

resp ectiv ely . A sample tuple ma y ha v e lifespan f 1 ; 2 g and ma y ha v e the map-

pings [1 ! a

1

; 2 ! a

2

] as its A -v alue and [1 ! b

1

; 2 ! b

1

] as its B -v alue. A

relation instance with this and one more tuple is giv en next.

A B lifesp an

1 ! a

1

1 ! b

1

2 ! a

2

2 ! b

1

f 1 ; 2 g

1 ! a

3

1 ! b

2

2 ! a

3

2 ! b

3

f 1 ; 2 g

In comparison with the TU instance giv en b efore, this instance adds a grouping

of the temp oral information. As b efore, there are four ro ws. Ho w ev er, these

ro ws ma y no w b e com bined in sev eral w a ys to form tuples. Other legal TG

instances with the same ro ws as that TU instance are the follo wing.

A B lifesp an

1 ! a

1

1 ! b

1

f 1 g

2 ! a

2

2 ! b

1

f 2 g

1 ! a

3

1 ! b

2

f 1 g

2 ! a

3

2 ! b

3

f 2 g

A B lifesp an

1 ! a

1

1 ! b

1

f 1 g

2 ! a

2

2 ! b

1

f 2 g

1 ! a

3

1 ! b

2

2 ! a

3

2 ! b

3

f 1 ; 2 g

Put informally , a TG structure con tains more elemen ts than a TU structure.

This indicates wh y it is not p ossible for a relation structure to b e b oth temp o-

rally ungroup ed and group ed.

3.2 TSQL2 and T emp oral Group edness/Ungroup edness

The canonical ungroup ed relation structure TU is a quite simple one. The

relation structure of TSQL2 is more elab orate. TSQL2 relations come in sev-

eral v ariations. First, relations ma y supp ort v alid time, transaction time, or

b oth. Second, v alid-tim e supp ort ma y b e for either state or ev en t relations.

While eac h of the resulting six t yp es of relations are imp ortan t in practice, it is

adv an tageous in this con text to consider only v alid-time state relations. This



p ermits a fo cus on the imp ortan t concepts and is consisten t with existing w ork

[7]

6

. With this restriction, the relation structures of TSQL2 and TU are quite

similar.

The cen tral di�erence is that in TU, tuples are stamp ed with a single TIME

v alue from domain T while in TSQL2, tuples are stamp ed with sets of times,

v alid-time elemen ts, from domain T . As w e shall no w demonstrate, this di�er-

ence is not essen tial when group edness is considered.

T o sho w that TSQL2 is temp orally ungroup ed, w e devise an isomorphic

mapping b et w een TSQL2 and TU. This mapping tak es as argumen t an arbi-

trary TSQL2 relation with sc hema ( A

1

; A

2

; : : : ; A

n

j j T) where the A

i

are explicit

v alue attributes and T is the implicit, set-v alued time attribute (the v ertical

double-bar is used to emphasize that the A

i

's are explicit attributes and that

T is a distinguished, implicit attribute). It maps eac h TSQL2 tuple in turn. A

TSQL2 tuple

( a

1

; a

2

; : : : ; a

n

j jf t

i

1

; t

i

2

; : : : ; t

i

k

g )

is mapp ed to the set

f ( a

1

; a

2

; : : : ; a

n

j j t

i

1

) ; ( a

1

; a

2

; : : : ; a

n

j j t

i

2

) ; : : : ; ( a

1

; a

2

; : : : ; a

n

j j t

i

k

) g

of TU tuples. Note that one TU tuple is generated for eac h time in the time-

stamp of the argumen t TSQL2 tuple. No duplicates are in tro duced as TSQL2

timestamps are sets of times. Note also that no duplicate tuples are in tro duced

b et w een the sets of tuples generated from individual TSQL2 tuples. This is

so b ecause TSQL2 relations do not con tain v alue-equiv alen t tuples [20 ] (tuples

are value-e quivalent if they agree on all explicit attribute v alues [15 ]).

It should b e clear that this mapping is de�ned for all TSQL2 relations.

Next, for an y TU relation instance, there exists an TSQL2 instance that maps

to it, i.e., the mapping is onto the set of all TU relations. T o see this, pic k

an arbitrary TU relation. F or eac h set of v alue-equiv alen t tuples, form a single

TSQL2 tuple with the same explicit v alues and with a timestamp that is the

union of the timestamps of the v alue-equiv alen t tuples. The result is a legal

TSQL2 relation, and that relation maps to the initial TU relation. Finally ,

there is exactly one TSQL2 relation that maps to an y TU relation, i.e., the

mapping is 1{1. T o see this, observ e that t w o di�eren t TSQL2 relations map

to di�eren t TU relations. In conclusion, the mapping is an isomorphism .

It is w orth noting that TU and TSQL2 agree regarding duplicates. A TU

relation is de�ned as a set of tuples and th us excludes duplicates. TSQL2 rela-

tions do not con tain v alue-equiv alen t tuples, and a timestamp is a set of times.

A v ersion of TSQL2 c hanged to allo w v alue-equiv alen t tuples with o v erlapping

timestamps w ould con tain more instances than the original TSQL2 and w ould

th us not b e temp orally ungroup ed.

It ma y also b e sho wn that if f A

j

1

; A

j

2

; : : : ; A

j

l

g is a temp oral k ey [18 ] of a

TSQL2 relation then f A

j

1

; A

j

2

; : : : ; A

j

l

; TIME g is a k ey of the corresp onding

TU relation.

W e ha v e no w seen that TSQL2 is temp orally ungroup ed and th us not tem-

p orally group ed.

6

F or simplicit y , w e also assume that the attribute domains of TU and TSQL2 are the

same and that all the domains, including the totally ordered time domain, are �nite.



4 T emp oral Semi-Completeness

This section �rst giv es re�ned de�nitions of temp or al semi-c ompleteness and

temp or al c ompleteness [5 ]. The de�nitions presen ted here add additional syn-

tactic requiremen ts that w ere in tended in the original de�nitions, but w ere not

stated explicitly .

These notions re
ect a b elief that b oth functionalit y and syn tactic require-

men ts are imp ortan t when ev aluating a data mo del. Both t yp es of requiremen ts

are relativ e to some c hosen non-temp oral data mo del. While the de�nitions are

applicable to an y pair of a temp oral and a non-temp oral data mo del, they are

in tended to b e applied to pairs of a temp oral relational data mo del and the

particular v ersion of the snapshot relational mo del that the temp oral mo del

extends.

The section ends with an ev aluation of TSQL2 according to eac h de�nition,

yielding new insigh ts in to this language.

4.1 De�nition

T o de�ne temp oral semi-completeness, w e �rst in tro duce the auxiliary notion

of a snapshot reducible query . W e will use r and r

v

for denoting a snapshot

and a v alid-time relation instance, resp ectiv ely . Similarl y , db and db

v

are sets

of snapshot and v alid-time relation instances, resp ectiv ely .

The de�nition uses a v alid-timeslice op erator �

M

v

;M

c

(e.g., [15 , 19 , 27 ]) whic h

tak es as argumen ts a v alid-tim e relation r

v

(in the data mo del M

v

) and a

v alid-tim e instan t c and returns a snapshot relation r (in the data mo del M )

con taining all tuples v alid at time c . In other w ords, r consists of all tuples

of r

v

whose v alid time includes the time instan t c , but without the v alid time.

W e assume that the v alid timeslice preserv es duplicates, i.e., if r

v

con tains

v alue-equiv alen t tuples that are v alid at time c then �

M

v

;M

c

( r

v

) will con tain

duplicates. This b ecomes imp ortan t later, when w e consider SQL{92 relations

with duplicates.

De�niti on 4.1 (snapshot reducibi li t y) [28 ] Let M = ( D S; QL ) b e a snap-

shot relational data mo del, and let M

v

= ( D S

v

; QL

v

) b e a v alid-time data

mo del. Also, let db

v

b e a database instance in D S

v

. A v alid-time query q

v

in

QL

v

is snapshot r e ducible with r esp e ct to a snapshot query q in QL if and only

if

8 db

v

8 c ( �

M

v

;M

c

( q

v

( db

v

)) = q ( �

M

v

;M

c

( db

v

))).

Graphically , snapshot reducibilit y implies that for all db

v

and for all c , the

comm utativ it y diagram sho wn in Figure 1 m ust hold.

T emp oral semi-completeness of a temp oral data mo del with resp ect to a

snapshot data mo del requires �rst that all relation instances in the snapshot

data mo del can b e pro duced b y taking timeslices of some relation instance

in the temp oral data mo del. F urther, it is required that eac h query q in the

snapshot mo del has a coun terpart q

v

in the temp oral mo del that is snapshot

reducible with resp ect to it. Observ e that q

v

b eing snapshot reducible with

resp ect to q p oses no syn tactic restrictions on q

v

. It is th us p ossible for q

v

to

b e quite di�eren t from q , and q

v

migh t b e v ery in v olv ed. This is undesirable,
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db

v

�

M

v

;M

c

( db

v

)

q

v

( db

v

)

q ( �

M

v

;M

c

( db

v

)) = �

M

v

;M

c

( q

v

( db

v

))

q

v

q

timeslices at c timeslice at c

Figure 1: Snapshot Reducibilit y of Query q

v

With Resp ect T o Query q

as w e w ould lik e the temp oral mo del to b e a straigh t-forw ard extension of the

snapshot mo del. Consequen tly , w e add to the de�nition of temp oral semi-

completeness the restriction that q

v

and q b e syn tactically similar.

De�nition 4.2 (temp oral semi-complete ness ) [5 ] Let M = ( D S; QL ) b e

a snapshot data mo del, and let M

v

= ( D S

v

; QL

v

) b e a v alid-time data mo del.

Data mo del M

v

is temp or al ly semi-c omplete with r esp e ct to mo del M if and

only if all three of the follo wing conditions hold.

1. F or ev ery relation r in D S , there exists a v alid-tim e relation r

v

in D S

v

and a time instan t c suc h that r = �

M

v

;M

c

( r

v

).

2. F or ev ery query q in QL , there exists a query q

v

in QL

v

that is snapshot

reducible with resp ect to q .

3. There exist t w o (p ossibly empt y) text strings S

1

and S

2

suc h that for all

pairs ( q ; q

v

) of queries, where q

v

is snapshot reducible with resp ect to q ,

query q

v

is syn tactically iden tical to S

1

q S

2

.

Note that the same t w o strings S

1

and S

2

m ust apply to all ( q ; q

v

) pairs. The

strings represen t particular syn tactic constructs in the language QL

v

.

If the v alid-time data mo del treats v alid-tim e relations as a new t yp e of

relation, as do es TSQL2, it ma y b e p ossible to use the same syn tactic constructs

(i.e., q

v

and q are iden tical) for querying snapshot and v alid-time relations.

In this case, the t yp e of a relation determines the meaning of the syn tactic

construct.

T emp oral semi-completeness of a v alid-time data mo del with resp ect to a

snapshot data mo del guaran tees that the temp oral mo del is a straigh tforw ard

extension of the snapshot mo del. T emp oral semi-completeness is limited in

the sense that it co v ers only those queries in the temp oral data mo del that

are snapshot reducible to a query in the snapshot data mo del. Most often, a

temp oral data mo del allo ws for the form ulation of other queries as w ell.

4.2 TSQL2 and T emp oral Semi-Complet eness with

Resp ect to SQL{92

This section iden ti�es where TSQL2 falls short in ful�lling the requiremen ts

of temp oral semi-completeness. The t w o related concepts of v alue-equiv alen t



tuples and duplicates will pro v e imp ortan t in this section. The former concept

applies only to temp oral relations; the latter applies to b oth v alid-time relations

and timeslices of v alid-tim e relations.

Example 4.3 Consider the four v alid-time relations depicted in Figure 2. Re-

lation r

1

con tains no duplicates and no v alue-equiv alen t tuples. Th us, no

timeslices of r

1

will con tain duplicates. Relation r

2

con tains no duplicates,

but do es con tain v alue-equiv alen t tuples. Ho w ev er, as the timestamps of the

v alue-equiv alen t tuples are disjoin t, no timeslices will con tain duplicates. Re-

lation r

3

, lik e r

2

, con tains no duplicates (i.e., tuples in whic h the v alues for A

and T are iden tical), but do es con tain v alue-equiv alen t tuples. Unlik e in r

2

, the

timestamps of the v alue-equiv alen t tuples are not disjoin t and th us there are

timeslices of r

3

(e.g., at time 17) that con tain duplicates. Finally , relation r

4

con tains duplicates and th us non-disjoin t v alue-equiv alen t tuples, leading again

to timeslices with duplicates.

r

1

r

2

r

3

r

4

A T

a

1

[10 � 20)

a

2

[15 � 50)

A T

a

1

[10 � 17)

a

1

[17 � 20)

a

2

[15 � 50)

A T

a

1

[10 � 20)

a

1

[15 � 18)

a

2

[15 � 50)

A T

a

1

[10 � 20)

a

1

[10 � 20)

a

2

[15 � 50)

Figure 2: Illustration of V alue-equiv alen t T uples and Duplicates

Allo wing v alue-equiv alen t tuples do es not necessarily yield duplicates in

timeslices. Ho w ev er, if w e w an t to ha v e duplicates in timeslices, w e m ust allo w

(non-disjoin t) v alue-equiv alen t tuples.

4.2.1 L ack of Duplic ates in TSQL2

One reason wh y TSQL2 is not temp orally semi-complete with resp ect to SQL{92

is that SQL{92 relations con taining duplicates ha v e no coun terparts in TSQL2,

where relations with v alue-equiv alen t tuples (and th us duplicates, either in a

timeslice, or in the temp oral relation itself ) are not allo w ed. De�nition 4.2

requires that for ev ery SQL{92 relation r , there m ust exist a TSQL2 relation

r

v

and a time instan t c suc h that �

TSQL2,SQL{92

c

( r

v

) = r . Ho w ev er, it is not

p ossible to �nd an r

v

in TSQL2 for r 's in SQL{92 that con tain duplicates. An

example illustrates this.

Example 4.4 Let salary relation, salary entry , b e giv en that records (curren t)

mon thly incomes of p ersons. Assume that the p erson T om has three incomes

b ecause he has three jobs. In t w o jobs, he mak es 1200, and in one he mak es

800. This can b e represen ted in SQL{92 as follo ws.

salary entry

Name Amoun t

T om 1200

T om 1200

T om 800



No timeslice of a TSQL2 relation can yield this relation. The follo wing is a

reasonable attempt at adding v alid time to the SQL{92 relation to obtain a

TSQL2 relation.

salary entry

Name Amoun t T

T om 1200 [1994 = 5 � 1995 = 3)

T om 1200 [1994 = 8 � 1994 = 12)

T om 800 [1994 = 11 � 1995 = 6)

This relation records that from Ma y 1994 to Marc h 1995, T om w as on one

pa yroll and made a mon thly salary of 1200; from August 1994 to Decem b er

1994 he w as on another pa yroll where he also made 1200 p er mon th; and from

No v em b er 1994 to June 1995 he made 800 in a third job. This is not a legal

TSQL2 relation b ecause it con tains v alue-equiv alen t tuples.

The merit of duplicates has already b een discussed heatedly (see, e.g., [12,

p. 109]). Doubtlessly , SQL{92 w ould b e cleaner in a mathematical sense with-

out duplicates. Ho w ev er, w e cannot c hange SQL{92, so whether w e lik e it or

not, it is necessary to deal with duplicates when designing a semi-complete

successor to SQL{92. Sp eci�cally , for TSQL2 to satisfy the �rst t w o criteria of

temp oral semi-completeness with resp ect to SQL{92, it m ust supp ort relations

con taining v alue-equiv alen t tuples with non-disjoin t timestamps, p ermitting

duplicates in timeslices.

As a reminder, w e note that duplicates ma y signi�can tly impact the results

of queries.

Example 4.5 The follo wing statemen t computes a relation that asso ciates

with ev ery p erson that p erson's total salary .

SELECT Name, SUM(Amount)

FROM salary_entry

GROUP BY Name

Ev aluated o v er the initial non temp oral sal ar y entr y relation, the query com-

putes T om's salary to b e $3200. Without duplicates, the result w ould ha v e

b een $2000, whic h is unin tended.

4.2.2 Pr oblems with Sub queries

T emp oral semi-completeness requires that for ev ery snapshot query , it is p ossi-

ble to form ulate a v alid-time query that is snapshot reducible and syn tactically

similar to it. TSQL2 tries to ac hiev e this goal with a carefully designed default

v alid clause. This w orks �ne for man y simple queries, but it do es not w ork for

sub queries.



Ignoring duplicates, the follo wing t w o SQL{92-statemen ts are equiv alen t

[23 , p.117].

SELECT r5.a

FROM r5,r6

WHERE r5.a=r6.a

SELECT r5.a

FROM r5

WHERE EXISTS (SELECT *

FROM r6

WHERE r5.a=r6.a )

If TSQL2 is to b e semi-complete with resp ect to SQL{92, there m ust b e v alid-

time queries in TSQL2 that are snapshot reducible with resp ect to the t w o

queries ab o v e and are similar to them. Indeed, the default v alid clause of

TSQL2 w as designed to mak e those t w o v alid-time queries b e iden tical to the

t w o queries ab o v e. The v alid-time queries are giv en b elo w, with the implicit

default v alid clauses sho wn.

SELECT r5.a

VALID INTERSECT( VA LID (r 5), VAL ID (r6 ))

FROM r5,r6

WHERE r5.a=r6.a

SELECT r5.a

VALID VALID(r5 )

FROM r5

WHERE EXISTS (SELECT *

VALID VALID(r6)

FROM r6

WHERE r5.a=r6.a)

The query to the left b eha v es as exp ected. The result ( r esult

1

) of the query for

t w o sample instances of r

5

and r

6

is sho wn in Figure 3. The v alid clause states

that the v alid time of a result tuple is the in tersection of the v alid times of

the argumen t tuples from r

5

and r

6

. This means that the left-hand-side v alid-

time query is snapshot reducible with resp ect to the left-hand-side snapshot

query . The situation gets more complicated when w e consider the query to

r

5

r

6

r esult

1

r esult

2

A T

a

1

[5 � 9)

A T

a

1

[7 � 10)

A T

a

1

[7 � 9)

A T

a

1

[5 � 9)

Figure 3: Computing a V alid-time Join Without or With a Sub query

the righ t. The outermost v alid clause implies that the v alid time of a result

tuples is equiv alen t to the v alid time of the argumen t tuple from r

5

(see r esult

2

in Figure 3 for an example). This means that the righ t-hand-side v alid-time

query is not snapshot reducible with resp ect to the righ t-hand-side snapshot

query . TSQL2 th us lac ks a v alid-time query that is snapshot reducible with

resp ect to and is a simple syn tactic extension of the righ t-hand-side snapshot

query . Consequen tly , TSQL2 is not temp orally semi-complete with resp ect to

SQL{92.

4.2.3 Summary

W e ha v e iden ti�ed t w o reasons wh y TSQL2 is not temp orally semi-complete

with resp ect to SQL{92 . The �rst is that, while duplicates are allo w ed in

SQL{92 , v alue-equiv alen t tuples are not allo w ed in TSQL2. The second reason



is that the v alid clause in TSQL2 is not su�cien tly p o w erful to ensure that all

SQL{92 queries ha v e similar, snapshot reducible coun terparts in TSQL2. W e

sho w ed this for nested queries. W e conjecture that there are also problems with

aggregation, grouping, and ordering.

5 T emp oral Completeness

T emp oral semi-completeness p oses useful restrictions on temp oral data mo dels.

Ho w ev er, temp oral semi-completeness p oses restrictions on only a subset of the

queries that are generally expressible in temp oral data mo dels. F or example,

it do es not co v er queries that retriev e information concerning relationships

b et w een p erceiv ed states of the w orld at di�er ent p oin ts in time. F urthermore,

temp oral semi-completeness do es not sa y an ything ab out the format of v alid

time. Both asp ects are accoun ted for b y the notion of a temp orally complete

data mo del.

5.1 De�nition

De�nition 5.1 (temp oral completeness) [5 ] A v alid-tim e data mo del M

v

=

( D S

v

; QL

v

) is temp or al ly c omplete with r esp e ct to a snapshot data mo del M =

( D S; QL ) if and only if all �v e of the follo wing conditions hold.

1. M

v

is temp orally semi-complete with resp ect to M .

2. F or ev ery snapshot reducible query q

v

in QL

v

, it is p ossible to o v erride

snapshot reducibilit y , either b y dropping the syn tactic extensions that

enforce snapshot reducibilit y (c.f., De�nition 4.2) or b y mo difying q

v

syn-

tactically to S

1

q S

2

, where S

1

and S

2

are (p ossibly empt y) text strings

that dep end on QL

v

but not on q

v

. Ov erriding snapshot reducibilit y

means to ev aluate a query without in terpreting v alid times.

3. The name of a v alid-tim e relation within a statemen t can b e syn tactically

substituted (p erhaps with other syn tactic mo di�cations and additions,

suc h as paren theses) with a query q

v

in QL

v

that de�nes the resp ectiv e

v alid-time relation without c hanging the seman tics of the statemen t. The

syn tactic mo di�cations m ust dep end on QL

v

only , not on q

v

.

4. Allen's temp oral relationships [2 ] can b e used b et w een (a) temp oral at-

tributes of stored v alid-tim e relations (i.e., v alid time attributes and ex-

plicit temp oral attributes), (b) implicitly computed v alid times asso ciated

with temp orally semi-complete (sub)queries, and (c) temp oral constan ts.

5. It is p ossible to retriev e and constrain (a) maxim al con tin uous v alid-time

p erio ds and (b) v alid times as sp eci�ed b y the user.

First, w e require that temp orally complete languages are temp orally semi-

complete. This accoun ts for queries that can b e answ ered b y examining (se-

quences of ) snapshots. Ov erriding snapshot reducibilit y accoun ts for a funda-

men tal principle in databases, namely that a query should treat the elemen ts

of a database as unin terpreted ob jects [8 , p.158]. Section 5.2.1 pro vides an



example that illustrates this. The third condition ensures that the syn tactic

construct that is used to enforce snapshot reducibilit y can b e applied not only

to whole queries, but also to sub queries. In other w ords, a temp orally complete

query ma y consist of sev eral temp orally semi-complete queries. Allen's op era-

tors are necessary to state arbitrary temp oral relationships. (They w ere pro v en

to exhaustiv ely describ e the relationships b et w een p erio ds [2 ]. Ho w ev er, other,

equally expressiv e op erators are p ossible as w ell.) Note that there are v arious

sources of timestamps that are of in terest in a temp oral database: temp oral

attributes of base relations, implicitly computed v alid times, and temp oral con-

stan ts. W e require that all of them can b e used together as op erands to Allen's

op erators. Finally the database system has to supp ort maxim al con tin uous p e-

rio ds and v alid times as sp eci�ed b y the user. Both kinds of timestamps ha v e

b een sho wn necessary in answ ering temp oral queries [29 ]. It m ust b e p ossible to

retriev e and constrain (i.e., use as op erands of functions and predicates) either

kind of timestamp.

W e emphasize that the notions of temp oral semi-completeness and temp oral

completeness go b ey ond approac hes that de�ne the completeness in terms of

an algebra (i.e., b y requiring a temp oral language to ha v e the same expressiv e

p o w er as an algebra). F or example, temp oral semi-completeness (and th us

temp oral completeness) ma y , dep ending on the language it is with resp ect to,

co v er aggregates, grouping, n ull v alues, ordering, and duplicates.

5.2 TSQL2 and T emp oral Completeness with Resp ect to

SQL{92

In order to qualify for temp oral completeness, a temp oral query language m ust

ful�ll the �v e requiremen ts listed in De�nition 5.1. W e �rst m ust mo dify TSQL2

to mak e it temp orally semi-complete. T o ensure temp oral completeness, it m ust

in addition b e p ossible to o v erride snapshot reducibilit y . The v alid clause in

TSQL2 is in tended for this purp ose, but as its scop e do es not extend to set

op erations suc h as EXCEPT and UNION , the clause cannot o v erride snapshot

reducibilit y for them, either.

The third condition is that a temp oral language m ust allo w a v alid-time

query to app ear in a larger query ev erywhere a v alid-time relation name ma y

app ear, so that if the v alid-time query computes the named relation, the t w o

forms of the larger queries compute the same result. This feature is pro vided

b y table expressions, whic h w ere in tro duced in SQL{92 [22 , p.178] and carried

o v er to TSQL2.

The fourth requiremen t is satis�ed b y the where clause whic h is enhanced

with temp oral predicates that ha v e the same expressiv e p o w er as Allen's pred-

icates. T emp oral attributes of base relations, implicitly computed v alid times

(e.g., v alid times computed b y table expressions), and temp oral constan ts can

b e used as op erands to these predicates.

Finally , a temp oral language m ust supp ort maxim al con tin uous v alid-time

p erio ds and v alid times as sp eci�ed b y the user. In the second subsection w e

will see that TSQL2 ignores the user-sp eci�ed v alid time format.



5.2.1 Overriding Snapshot R e ducibility

In TSQL2, the v alid clause can b e used to o v erride snapshot reducibilit y|if

no v alid clause is sp eci�ed, the seman tics defaults to v alid-time in tersection.

Ho w ev er, the scop e of the v alid clause do es not include set op erations and,

therefore, it is not p ossible to o v erride v alid-tim e seman tics asso ciated with

these op erations.

Example 5.2 Supp ose the v alid-time relations r

5

and r

6

of Figure 3. In

TSQL2, it is not p ossible to use EXCEPT to retriev e all tuples in r

5

that are

not in r

6

. Snapshot reducibilit y is hard-wired in to EXCEPT , whic h means that

TSQL2 alw a ys yields r esult

3

rather than r esult

4

, sho wn b elo w.

r esult

3

r esult

4

A T

a

1

[5 � 7)

A T

a

1

[5 � 9)

5.2.2 Beyond Co alescing

The last p oin t of De�nition 5.1 requires that a temp oral query language b e able

to retriev e and constrain (a) maxim al con tin uous v alid-time p erio ds and (b)

v alid times as sp eci�ed b y the user. First, TSQL2 falls short in doing this at the

outermost lev el of queries. The results of queries are alw a ys coalesced relations,

i.e., relations where v alue-equiv alen t tuples are eliminated b y com bining their

v alid timestamps. This also holds for an individual select statemen t whic h ma y

b e part of a larger query . Hence, retaining v alid times as sp eci�ed b y the user

is not p ossible in TSQL2.

Second, TSQL2 relations are constrained to con tain coalesced tuples, whic h

also causes problems.

Example 5.3 Consider relations r

1

and r

2

of Figure 2. W e ma y en vision that

it is signi�can t to a user whether the explicit attribute v alue a is asso ciated with

one single timestamp, [10 � 20), or is asso ciated with t w o separate timestamps,

[10 � 17) and [17 � 20). These t w o relations ma y mean di�eren t things to a user.

Ho w ev er, r

2

is not a legal TSQL2 relation, and if the user inserts tuples h a

1

; [10 �

17) i and h a

1

; [17 � 20) i in to a TSQL2 relation, the tuples will b e coalesced, and

relation r

1

will b e the result. Put di�eren tly , TSQL2 do es not consider the

di�erence b et w een r

1

and r

2

(and r

3

and r

4

) imp ortan t and th us only admits

coalesced relations.

T emp oral completeness requires that TSQL2 resp ects the v alid times as

pro vided b y the user. If the user pro vides t w o in terv als for attribute v alue

a , TSQL2 m ust main tain those t w o p erio ds and cannot simply coalesce them.

Clearly , this matters for queries. F or example, the query \Do es there exist an

en try with a v alid time iden tical to [10 � 17)" should return \y es" if applied to

r

2

(b ecause the user has inserted a tuple with this v alid time in to r

2

) and \no"

if applied to r

1

(b ecause the user has not inserted a tuple with this v alid time

in to r

1

).



Curren tly , TSQL2 is a p oin t-based [9 ], or a snapshot-equiv alence preserving

[19 ], temp oral query language that uses time p erio ds at the represen tational

lev el to ac hiev e a reasonable p erformance. Changing TSQL2 to resp ect the

v alid times as sp eci�ed b y the users represen ts a substan tial conceptual c hange

to TSQL2. It ma y b e argued that admitting uncoalesced relations represen ts a

complication, but it also adds to its expressiv eness. With implicit coalescing,

users do not ha v e to b e concerned with the v alid times, but they also cannot

asso ciate sp ecial seman tics with v alid times (c.f., Section 4.2.1).

5.2.3 Summary

Apart from not b eing temp orally semi-complete, t w o asp ects prev en t TSQL2

from b eing temp orally complete. First, it is not p ossible to o v erride the tem-

p oral seman tics of set op erations. Second, implicit coalescing prev en ts TSQL2

from resp ecting v alid times as pro vided b y the users.

6 Summary and F uture Researc h

This pap er has ev aluated the consensus temp oral query language TSQL2 using

existing notions of completeness, some of whic h w ere further formalized in the

pap er.

In consistency with its design goals, TSQL2 w as sho wn to b e up w ards com-

patible with SQL{92 and th us to b e relationally complete. TSQL2 w as also

c haracterized as temp orally ungroup ed. This implies that TSQL2 is not tem-

p orally group ed. The ev aluation of the temp oral semi-completeness of TSQL2

with resp ect to SQL{92 p oin ted to t w o imp ortan t de�ciencies: not all SQL{

92 relations can b e pro duced taking timeslices of TSQL2 temp oral relations,

and not all SQL{92 queries ha v e a similar temp oral coun terpart in TSQL2.

Without these de�ciencies, TSQL2 w ould b e a \cleaner" extension of SQL{92.

The ev aluation of temp oral completeness of TSQL2 with resp ect to SQL{92

p oin ted to t w o additional problems: with set op erations in TSQL2 queries, it is

not p ossible to freely con trol the v alid timestamps of result tuples, and TSQL2

do es not resp ect the v alid timestamps of tuples as en tered b y the users (b ecause

v alue-equiv alen t tuples are coalesced).

As future researc h, it w ould b e in teresting to use additional completeness no-

tions (e.g., temp orally ungroup ed complete in [7 ]) in the ev aluation of TSQL2.

In particular, it is a p ossible next step to compare the expressiv eness of TSQL2

to those of existing practical or theoretical temp oral query languages. Also, a

comparativ e study of completeness notions for temp oral databases that sheds

ligh t on their in terrelations and practical implications, and p erhaps leads to

new completeness notions, w ould b e w orth while.
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